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This thesis is mainiy wncuned with a ma<hod for phosphom removal from wastewater 

b a d  on the precipitation of a mineral phosphate sak in a f lu id i i  bed. In ihe k t  part of 

this introúuction the importancc of phosphoms removai from wastewater and its relation to 

suirophicaiion is described. PhoJPho~s remwal units are added to m g  wastnvatcr 

treatment planis, so these installatons and their phosphonis sttramr are described next. 

Thereafter, vaúous technologie8 for phosphonrs removal are presented, with Speciat attention 

to the fluidized bed methad. nie bottle-necks of the f l u i d i i  bed technology are Uien 

highlight&, sime they gavethe moUvation for this research. P i y  the objectivaa and 9cope 

of the thesis are presented. 

Eutrophication is wmmonly h o m  as the state of a waterbody whkh i s  manifegîed by an 

intense pmlifention of algae and higher aquatic plants and thci~ accumulation in exwive  

quantitiw [22]. Eurrophioation can caw the water quaüty and îhe biologicai popuktions in 

the water to change in a ddrimeniai way, intedering with man's use of the water resource. 

Eutrophication can be most efficientiy fought by reducing the input of aquatic plant nuhients, 

mainly nitrogen and ptiosphoms, to sudace waters. The main point souroes of nutnents are 

municipal and industrial sewage. Diífuse nutriwt sources are sudace ninoff from urban and 

agricultural arras, atmosphedc pfecipitarion as weU as regeneration of sediments. 

The wntribution of the different sources of phosphoms to the tolal input to surface waters 

in tbc Netherlands can be visualized fmm the phospho~s balance show in Table I [19]. 

There is an annual accumulation of 17.8.106 kg P. In order m reverse îhis picture, polities 

to reduce the phosphms input from several souras have been implemented. Such polities 

bave led to a dmtic reduction in the usc of phosphonis-wntaining fabric deîergents. An extra 

reduction of 50% in the phosphonrs emissions to the Rhine river for the periad 1985-1995 

was agreed by the wuntriaa through which the Rhine flows and those around the North Sea 



[10,17J. Consequently, Dutch legislation requues W wastewater treatment p h t s  win be 

removing 75% oftheir phosphoms load from 1995 on [16,18]. But even these measutes may 

not be sufficient to reduce eutrophication to acceptable levels, so it is likely that stricter 

policies wil1 be adopted in the future. 

Table I. Phosphorus balanee for surfaee waters in îhe Netherland$ in 1990. Source [19]. '" This mission takes place near îhe mast and does not contnbute to the eutrophication 
of surface waters. 

Input 
kg P. 106 

output 
kg P106 

domesik wastewater 4.3 output to %a 
indusüial wastewater indl. waste 13.5L11 

close €0 ~ e a  13.5'" nher 9.4 
d e r  2.4 dreUged matmal 4.9 

rivers crossing borders 20.2 other 0.3 
run-off (agrieultwe) 4.5 
other 1 .O 

Conventional treatment of domestic wastewater [6,7,24] usually consists of the wcalled 

@mary and secnidary treatment, as illustrated in Figure I. In the primary treatment a 

portion of the suspended solid and organic matter is removed fran the wastewater through 

physicai unit operations such as sneening a d  sedimentation. Scuindary treamient is directed 

maidy tawards €he removal of organic materiai and additionai suspended solids thmugh a 

combination of physicai unit operations (e.g. sedimentation) and biologicai proecsses (e.g. 

activated sludge and the fixed-media filter proeerses). Micrwrganisms wnven organic 

matenal in the waier into gases that c m  escape to the atmosphere or into biologica1 cel1 

tissue that can be remwed by s@dimentatioo. Part of the blolo$ical solids are recycled, part 

removal. The biological solids from the pnmary as wel1 as h m  the secondary treatment are 

hirther treated for reuse, dispod or incheration. The punfied water may bedisinfected with 



Secondary 
treatrnent 

treated 

aeraiion basln 

return sludge 
d 4 

Figure 1. Flow diagram of a conventional wastewater treatment plant wiîh pnmary and 
m d a r y  treatment. 

Tertiary treatment is appUed when a more efficient removal of water wnstituents is required 

than is possible with mventional8econdary treatment. The constituents to be removed may 

be nuüients (nitrogen, phosphonis), toxic compounds, organic matetiai and suspended solids. 

Te@ treatment methods for phosphoms removal wil1 be discussed in section 1.4. 

Smal1 wastewater flows are often prooessed, without pnmary Weatment, in wmpletely mixed 

aemtion b&ns followed by sedimentation pigure 2). 

Indushial wastewater is often treated by the m e  methods as domestic wastewater. 

Sometirnes the domestic and indusüial wastes are treated together in a single municipal 

meatmuit plant. In (he Netherlands this is often the case for the food industry (spcially diary 

and poiato processing) and for îhe manure proce8sing industry. 

The input of phosphoms to municipal waswater treatment plantsi in h e  Netherlands 

d e c r e d  30 % (fmm 55.000 to 38.500 kg P per day) from 1986 io 1991 [Z], as a result of 



aeration basin 

1 return sludge 1 sludge 
b 

-re 2. Flow diagram of a wastewater treatment plant for smal1 flows: biologieal 
processing without primary treatment. 

a drastic reduction in phosphms-containing fabnc d e t q ? ~ t s .  In 1991 the average 

phosphoms wncentration in raw domestic wastewater in this country was 8.9 mg P.1' [Z]. 

In areas where industrial wastewater wntributes to the total flow in municipal wastewater 

treatment plana. phosphoms concentrations withm the range of 15 to 30 mg P.1' were 

encountered. Industrial wastes contrihute with 25% of lhe toîal chemica1 oxygen demand in 

municipal wastewater treatment plants in the Netherlands [Z] (no data are available on the 

comesponding phosphoms wntribution). 

About 10 to 30% of the phosphoms entering the treatment plant are removed naturaily as 

pari of lhe wnventional biologieal step, even if no special measures for phosphoms removai 

are &?.n [l]. The averaged phosphoms removal in he Netherlands in 1991 was 59% [a], 
mainly due to the phosphoms removal already practiced, so that the average phosphorus 

concenmtion of the treated wastewater may be estimated to be 3.5 mg P.l1. In areas where 

no phosphate removaí measure is currently applied as wel1 as in areas affeckd by industrial 

emissions, the phosphate concentration in the treakd wastewater may be estimated 10 assume 

the values of 7 and 18 mg P+', respectively. 

In order to obtain a removal of 75% in the phosphoms load to surface waters, the present 

legislation in the Netherlands [IS] establishes that before the year 1995 the phosphoms 

wntent in the effiuent of wastewater treatment plants wil1 be limited to 1 mg Pt' for 

insîallations with a capacity higher than 100.000 population equivaíents, or to 2 mg P.t1 for 



those with a capacity behvm 100.000 and 20.000 p.e.'. For insuillations with a capacily 

lower than 20.000 p.e., higher concentrations wiU be aliowed, provided that 75% of the 

phosphonis laad in the administative rcgion is renuwed. Since the. c u m t  effluent 

concentrations are higher than the. required values, additional phosphorua removal units will 

have t0 be implemented in wastewater trmtment plantS. The phosphonis removal method to 

be used IargeJy depaids on the raw water phosphms concentration as well as on the 

required effluent meentration. 

1.4 Phorphom mnovaifmm wastewater 

A number of processes have been developed to remove phosphoms fmm sewage and other 

effluents. In recent years special attention has been paid to methods that lead to the recovery 

of phosphonis in a concenvated form, suitable for re-use, contrary to methods that poduce 

phosphonis-c~~taining sludgea, sina handli and disposai of sludge in densely populated 

areas are bacomingincreasingly expaisíve. B-, reusablephosphoms implies areductia 

in the total phospbonir input to the environment. Other developments aim at more efîïcient 

phosphonis remwal to =pond to expsoted stncter legislation in wMng years. 

The most important methods for phosphonis remwal from conventional wasuwafer treatment 

plants are discussed next in ierms of charactnistiw such u îhe form of Uw recovend 
phosphonis (as a sludge, umcenmted soli, etc.), the degm of phosphoms remwal, the 
sensitivity to wam characteru,tics, etc.. The airrent phosphonis removal practice in the 

Netherlands u well as the. fuhire perspectives are alm discussed. 

Biologieal msthods [l] are based OU îhe soalied 'luxury uptake' of phosphonis by certain 

facultaîive microorganisms. Such upîake is stimuiated by subjecthg the mic1001@ms first 

' the P umcentrations mentioned should be determined from the progressive average 
over 10 daily samples iakm wnsecutively. The P values dstermined in this way are 
generally 1 to 2.5 times hightr than the yearly average. Therefore the limit adopted in the 
legisiation is stncter îhan a Limit basad on the yearly average.. 
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Figure 3. Flow diagram of the biologicai method for phosphate removal. 

to anaerobic conditions, where they release phosphate to the liquid phase, and next to an 

aerobic environment, where phosphoms uptake occurs. The process diagram is sketched in 

Figure 3. The first section of the aeration basin is made anaerobic by simply shuning off the 

aerators. Multiple aembic-anaerobic mixing periods are used when simultaneous nitrogen and 

phosphoms removal is required. The phosphorus inrorporated into the cel1 mass is removed 

in the secondary clarifier. No additional sludge is productd in these processes compared to 

conventional activated sludge systems, but care must betaken toavoid phosphom dissolution 

and return to the system during the sludge handling. Implementation of this method only 

requires minor changes in existing activated sludge plants. The method has been developed 

to full scale. The phosphoms concentration in the treaîed wastewater depends on the 

wastewater charactoristics (mainly the ratio between the biologicai oxygen demand and the 

phosphoms concentration), but in general varies within the range of 1 to 2 mg P#. For low 

phosphorus concentrations in the raw wastewater, a higher phosphoms removal efficiency 

is expected [I l]. 

Cbmicul addidon methods [l] are b a d  on the precipitation of sparingly soluble 

phosphates, achieved by the addition of aiuminum salts, iron salts or lime to the wastewater. 

The chemicais may be added prior to the pnmary treatment in a conventionai sewage 

treatment plant, at the secondary treatment or as an independent teniary treatment. Separation 

of the phosphorus from the wastewater occurs respectively in the pnmary settler, secondary 

settler, or in an additional filtration step. Phosphorus is thus sepräted from the wastewater 

either incorporated in the biological sludge or as a separate phosphate slurry. The amount 

of chemicais needed to reach a given phosphorus coneenmtion in the treated water is dimtly 



telaied to the stoichiometry of the precipitation reaftim. Therefore, the consumption of 

chemicals is proportional to Uie concentration of phospho~s in the raw water, making these 

methods attractive for waswatera with lowphospborus mcennation Iewels. Implementatim 

of this method requira hardly any changes in existing sewage treaiment plants, except in the 

case of chemieal addition as a tertiaxy' treatment. The proce~s has besti applied on an 

indusûial scale in many wuntríes for severai years. The phosphm concenûation of the 

treated water is about 1 mg P.T1 [1,3]. C h e m i i  addition in w o  steps" at the s~eondary 

treabnent and downstream of it, leads to effluents with a concentration of about 0.5 mg Pl.' 

Pol. 

P-rích P-frw return sludge 
sdutlon w 

ìQwe 4. Flow diagram of a method for phosphate removal that combines a biologícal 
and a diemicd addition siep, alao called biologid phosphate removal in the sludge lim. 

Methods fot phosphoms removal that combine biological and chemical addition step [1,21] 

are schematically shown in Pigiire 4. These methods are alm hown as bblogifal 

phorphonrs remuval in lhe rludge line. Part of the Murned activaied sludge is subjectesi to 

anaerobic conditions, kadimg to phosphms reiease. This rludge is separated from the 

phosphms rích liquid phase and mmed to the sccnidary trktbnent, where 'luxury uptake' 

of phosphorus h b s  plm. The phwphms rich liquid phase is treated by addition of lime 

or by &er technologies fot phosphms remOVal @IcJaited below). Since this s m  



represents only U) to 30% of the totai plant flow. its m m e n t  is economically fwible. The 

m& ha8 beai developad to full seale. This proces, uniike ocher biological methods, is 

not saisitive La the wastewater composition @iological oxygen demand to phosphoms 

coamtration ratio) and leads to effluent phosphonw meentrations of about 1 mg P.P. 

Phosphate Phosphate 
preclpitation separatlon 

Magneîite 
recwery 

Eigure S. Fïow diagram of the magnetic method for phosphate removal. 

A simplifed flowsheet of the magnelic mdihod for phosphms removal [27,28] is show in 

Figure 5. The water to be treated is first eonducted toa reactor where calcium phosphate is 

allowed to preeipitate by chemical addirion of lime or an iron sak. Magnetic $&s 

(magnetite) and a flocculating agent are then added in the Mme equipment to promote the 

attaehment of the phosphate precipitate to the magnetic grains n i e  suspension is then pissed 

ihrough a baíchwise operated magnet where he phosphorus wntaining magnetic grains are 

mptund. These grains afe removed intermimtly by backwashing and are fed to a v e d  I 
I 

where, under intense mixing and ultrasonie Irearment, the magnetite is separated from the 

phorphate precipirate and recycled. The phosphms is recovered as a slurry which c m  be l 

reused in the agriculture or as a raw material for the fertüiier industry. The method has been I 

developed to full d e .  The treated water wntains about 0.5 mg Pd '. The method c?an be I 

applied either in wmbination with the biological process in the dudge line or as a quakmary 



hratment. ui the latta case, effluem mcenuations of about 0.1 mg P.PL are obtained. 

- -. - - - . . 

Y'FF 
6. Eiow diagram of the ion exchange mefhod for phosphate removai. 

An &n ~~ciuvcge method ha6 been dweioped in Iiaiy [IJ] whieh is hased on the seledsve 

behavior of d n  cationic and anionic resins îbat favor the removal of respectively NH.,' 

and HPOaS ions from wastewater. A flowshw of the prooess is shown in Figure 6. Both 

reains are regenerated with a neutral 0.6 M NaCI solution. The regeneration eluates from 

both resins are mixed and a magnesium saiî is added m that an ammonium magnepium 

phosphate sak (sauvite, NH,MpO,.6H@) precipitaîes. The precipitate is scparated fmm the 

wam by sedimentation and the supernatant solution is reused for the foliowing regeneration 

cycle. The method has been applied on the effluent of a pilot scale seunidary wastewater 

treaúnent and led m a rtduction in the phoaphom concentration from 4.0 to abwt  0.5 mg 

PI-'. Phosphms is removed as stnivite crysrals with potential vaiue ai ammonium- 

magnesium-phosphate conlainhg feriiiizers. 

A method b a d  on Ihe cqsmlüdon of h ~ y a p a & e  in j ï ~ ú  bed# has been deveioped 

in Japan [8,12]. A flow diagram of the pmccss is shown in Figute 7. The efnuent of the 



Decarbonation and Sand Fked bed 
Creation of filtration for P 

supersaturation rernovai 

F i r e  7. Flow diagram of the fixed bed process for phosphate removal. 

secondary wastewater treatment is mixed with a base and eventually with a calcium source 

to create a supersaturated solution. Pmcess conditions are chosen so that spontaneous 

precipitation of calcium phosphate is minimized. The supersaturaîed solution then passes 

through a fixed bed containing large apatite grains. Phosphorus removal is claimed to take 

place. mainly by crysral growth on the apatite grains. A decarbonation unit is placed upstream 

the fxd bed to minimize calcium earbonate coirystaüi ion.  A sand filter is als0 used to 

remove the spontaneously formed caicium phosphate. A process variant using magnesia 

clinker as the substrate for hydroxyapatite growth has been developed, which makes the 

process Iess sensitive to the water bicarbonate alkalinity 1131. In both process variants the 

outgmwn grains may be used as a raw material for the fertilizer industry. The method has 

been applied on an industnal scale for wastewaten with phosphorus conoentrations within 

the range of 1 to 3 mg P? to reduce their eoncentration to about 0.1 mg P.lt. 

A method based on c a k i m  phospluite precipifntion in afluidiad bed [9,23.25,26] leads 

to the recovery of phosphoms as calcium phosphate covered grains of 1 mm in diameter 

l containing 7 wt % P. The single step phosphate removal efficiency is about 50%. 

1 Introduction of recirculation inereases the efficiency to about 80%. Therefore. the phosphate 

l 
content of the effluent depends on the inlet concentration. The method was applied on a full 

scale plant and led to effluent phosphorus concentratiais of about 0.5 mg P.t' by placing a 

filter downstream the prccess 1231. This method is the main subject of this thesis. so it wil1 

be described in more detail in section 1.5. 



1.4.2 Currem pmetice anàpempecfiiws in the Nuheriamis 

In the Netherlands, the yearly m t s  (investmem and oprating wsn) for phosphom remCrval 

were 10 miliion american dollars in 1991. A progrurdve increw of these mts up to 100 

miUion in 1995 is sxpeeted 141. The most commonly used techniques are chnnid  addition 

and bidopicai phosphom removai in the water he.  Research on the biologid phosphonis 

removai in the sludge line, on the magnetic method as weU as on the fluidued bed method 

bas been dom and is süil in progress at universitiw. engineering compenics and wastewam 

tnatment associations. The main motivation for this rurarch has been the possibiüty offered 

by these mettiods of w e r i n g  phosphoms in a re-usable form. Laboraîory and pilot d e  

reseurch with wastewater h m  several places in the Netherlands have been mducted durhg 

the last 10 yeam, and have already led to the implementation of a few industrial scale 

installatims. The fíuidized bed rneihod was applied i ,;r in thrte lccations, me  with start-up in 1989 and two 

olhers in 1993. The latter two were combiied with 

the biological phosphonis remwai in the sludge h e .  

Two large scale plant8 for p h p h m s  remwai by 

O the magnetic mahal were statted up in 1991. 

1.5.1 Desmilion ofthejluidized ked 

The procass is based on the precipitation of calaum 

phosphaîe upm seed grains in a fluidizad bed - - 
Figure S. Schematic representation (Pigure P . . . 
of a fluidized bed for phosphate ncipi*itun is induced by the addition of 

nmoval. abmtothewatcrtobringchepHupto8-9and, 
for mt? waters, by the addition of a dcium source. 

The phosphate covered grallis are remwed h m  the bottorn of the bed and replaced 

intermittaitly by hesh seed grallis. The calcium phosphate which is not recovered leaves the 

bed at the top mainly as fine particles. A decarbniatiai wit is ofbn placed upstream the 



f l u i d ' í  bed to avoid detrimental 

c a l c i u m  c a r b o n a t e  c o -  

crystallization. A recirculation 

stream is applied to increase the 

overall phosphorus removal 

e f f i c i e n c y .  E c o n o m i c a l  

considarauons lead in practice to 

recirculation factors that ailow for 

effciencies around 80%. If higher 

efficiencies are required, a 

filtration step must be added 

downstream the reactor. 

miwphonis is removed in the form 

of phosphate-wvered sand grains 

of about 1 mm in diameter that can 

be reused as a raw matenal for the 

f e m l i  industry. 

1.5.2 Pmcess wnfigumtionc 

w r e r  line wr$w sludge line 

The base wnsumption in the 

fluidized bed proCess - an 

important wmponent in the 

Flgure 9. Phosphorus removai with a f l u i d i i  bed in 
the water line. 

P-free 
wastewater 
to primav se 
treatmenl 

wastewater fmm 
P-stripper 

(blological P 
removal in the 

P-rich 

F í r e  10. Phosphoms 
eernoval with a fluidized bed in 

the sludge h e .  

process wsts - is not very much sensitive to the phosphoms wntent in the raw wastewater. 

This makes this process attractive for wastewaters with a high phosphoms concentration. For 

contentratinis lower than approximaîely 13 mg PT' other methods such as chemica1 addition 

of aluminium or iron salts, with costs proponional to the phosphoms wncentration, become 

more a2tractive. When considering the wastewaters mrmally found in the Netherlands, two 

configurations for the fluidized bed method are possible: in the 'water h e '  (Figure 9) or in 

the 'dudge h e '  (Figure 10). 



The fluidized bed in the 'water he ' ,  i.e. as a teniary ireatment, may be appiied in areas 

w& indushiaí ernissions are important anti high raw water wneenûations are enwuntend. 

A ñitration step is addad a> give. an effluait concentration of 0.5 mg P+' 1231. The 

backwashed wam f m  the filter is rccycled to the primary Inatment, where the phosphate 

patticlea ndissolve and reach the fluid bed a&. 

Combimation of the fluidued bed with the biologica1 method for phosphorw remoral in íhe 
'sludge h e '  can be appiied for most Dutch domatb wastewaters, which eoncentrations are 

tn>ically 7 mg P.1-l. Phosphoms is separated biologidy fmm the wastewater, gaierating 

a smal1 sh*M with a high pho8phorus ~011~~11rration of 20 10 100 mg Pt'. niis s- is 

ueated in the f l u i d i i  bed. The effluent of the fluidizsd bed, which h depleted of 

phosphoms, is recirculated m the primary treaunent. The flow trated in the fluidized bed 

is oniy 20 to 30% of the W raw wastewatSr flow, so the fluidiPd bed is unisiderably 

smaller than if it wwld be applied in íhe 'water line'. Since. the iiquid effluent of the 

fluidized bed is mmed to the prwew, iîs phosphonis concentration is n a  bound to valuea 

fixed by iegiiîion, s0 tiltration is in principle not needed. Howwer, the phosphorus 

removal efficiency in the fluidimi bed still datermuies the phosphms concenUation level 

in the biologid step and thw affects the overall syslem efficiency. 

The main îahnologid bntle-neck of the fluidued bed process is the low phosphwus 

removai efficiiency, which makes it necessary to apply Large recircuiation rates to acbieve 

acceptable overall &ciencies. As explained in section 1.5.1, the los in efficiency is caused 

mainly by the development of fute calcium phosphate p&les that leavc îhe reactor wiîh the 

iiquid effluent. The elemmtary processes involved in their formaîion @rimary nucleation, 

grains abrasion, etc.) as w& as the inteaction W e e n  fine particles wilh the grains in the 

fluidiml bed (aggregstion) w m  nol known at the stati of this study. Without this knowledge 

no further optinuation of the phospbate removai eFf~ciency wuld be achieved. 

Besides, some impurities tumed out to have a deaimental effect on the preeipitation of 

dcirim phosphate in the fluidiaed bed. C e  ions tend to cocsystaiiize as calcium 



míwnaîe u p  the grains. Swh co-crystallition har found to be asaciated with a 

reduction in the phosphms removal efficiency [DJ. Magnesium i m  at low concentrations 

are also laiown to affect the precipitation of dcium pñosphate [5,14]. Bes~des, some 

wwtewatexs wen wntain such a high level of magnesium ions chat the precipitation of a 

magnesium salt imtepd of a ealeium salf m u n .  The ranges of lquid phase composition 

when thee effects take p h ,  îhe mechanisrns involved (w-cryslallization, isomMphie 

substitution, etc.) w we11 as the wnditions for efficient phosphate removaï for thc 

predpüation of magnesium phosphate were also un)<nown. 

P i y ,  when this resareh s W ,  the fluidized bed procass had beni extensiuely studied 

maely f a  applicatians in ihe water line, at phosphwus conoennations in the raw wastewater 

witbin the m g e  of 5 to '20 mg P+'. The behavim of the f l u i d i i  bed pmcess in the sludge 

W, with phosphonis mmtrations wiMn the range of 25 - 75 mg PT', conceming features 

such w phosphms removal efieieney, mechanical stabiiity of the phosphate gnins, reactant 

wnsumptiai and msitivity of the promss to the pre- of impurities had m yet been 

establisM. 

The objectives of this thesis are: (i) to gain insight into the fundamental prwases m m n g  

in a fluidized bed for phosphonis removal from waptewatcr; (ii) to optimize the phosphanrs 

mmo@ efficiency and (Ei) to îïnd ways of minimizing the detrimentai effect of impurities 

nomially prerrent in Wastewaters. 

l .  7 Scope 

In C7mj~fe). 2 a tïrdt screening siudy was done on the bchavior of the îluidized bed proces 

with high inlet phosphoms wnmtrationá. The affect af magnesium and carbonate ions 

normally enwuntexed in the water, which can interfere with the process, were studied as 

well. Por waters containi~g a high magnesium ion coneuitration, the feasibility of a pmzss 

w k  magnesium phosphaîe precipitater; instlrad of calcium phosphate was W. A model 

to predia the chemicai quiiibnum in the iiiuid phase was developetl. Based on both 



theaetid and expnmaital reaults, a methcd was presented which aüowed the selection of 

proesss conditions where co-@pitation of unwanted phases ean be aváded. in -er 3 

the main proessses m&ng the precipiUtion of calcium phosphate in a f l u i d i  bed wue 

idenafiad and Iheir time-scala were established. Some of t h w  proceures were fuahcr 

sîudii in succeedig chapîers. In Chapter 4 the fluidlzation charac<enitics of thegrains, in 

particular theaxial disiribution of îhegrains according to their density and sim, were stndied. 

ClurpJer S was devoted to the precipitation of calcium phosphaîe fmm clear solutions. The 

kinaios of nucleation, aggregatiai and breaka&e of amorphws calaium phosphate wue 

estimated. Aggre%ation was found to be of paramount importante dwing calcium phosphate 

precipitation. In Chqptor 6 îhe influence of hydmdynamics on &pitation proeessea from 

solution was e&. A mathematieal model which takes into account loeal mixing 

characteristics was developed. In Qurplcr 7 the aggregation of calcium phosphate primary 

particles was furhr w i e d  in the presence of îhe g&s in a f l u i d i  bed. Aggregation of 

primary particles with îhe grains in the bed was found io account for 60% of the phosphate 

removed by the f l W d  bed. Therefore, experiments were performed to stimulate this 

p r o e  so as to optimize the phosphmus remwal in the f l u i m  bed. & improvement of 

the phosphmus remOVal efficiency was obtained at low Rirbuience levels in the f l u i d i i  bed 

as well as by spreading the supersaturation more wenly thrwghout the bed. A &pk model 

for the f lu id id  bed was devebped wh'ih wrpiained the experimental findiigs. 
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CHAPTER 2 

CAKRTM PROSPIIATE PRECIPiï'ATlON IN A FWRDiZED BED 

IN RELATION T0 PROCESS CONDITIONS: 

A BLACK BOX APPROACE 

In this work the precipiîation feahins of calcium phosphate in a fluiducd bed reactor in îhe 

eoncentration range behum 5 and 100 mg PI1 were W e d ,  and the conditions fot optimum 

phosphate remwal ef&ciaicy werc estabiished. Th supply of calcium ion# should be such 

that a W P  molar ratio of 3 at the inlet of the reactor is achieved. i f  the water to be treated 

doea Mn contain magnesium or carbonate ions, the suppiy of base should suffice to pmmote 

a conversion of 50 - 65 % of the incoming phwphate to the solid p b .  i n  the preaence of 

orubonate and magnesium ions, îhe base supply should pmvide a conversion of 80 - 95%. 

Magnesium and carbonate ion8 did not have a detrimental effe« on the phosphate remwal 

eff~ciency for inlet concentrations of up to 4.8.10' and 1.8.1IY3 k m o l d ,  respeetively. Tbe 

feasibiüîy of a pmcw b a d  on the precipitation of magnesium phosphate ins<ead of calcium 

phosphate was demonstrated for w a m  with a low calcium content (Ca/P<0.8 mollmol). 

Finally a mcthod was presmicd to seleot proceirs eonditions whae co-preápi*ition of 

unwanîedphasescanbeavoided,aá wellastoc8l0ulatetheamountofbsscto befedtothe 

reactor. 

Several proeesses for removal of phosphate fmm wasiewater are currenily applied, which are 

based on the precipitation of ofsphate salsalts. In the wnventional mutes, a reagent is added 

during the bi~10gid treaDtient of sewage, io precipitatc a phosphate salt which becomea 

inwrporated in the sludge by-product. The mts for d i  of the additional phosphate 

studge, as wen as the need to limit phosphate emission io the environment, ha8 diverled îhe 

attention in recent years io processes which lead to the recovery of pho@hîe. Precipitation 

of calcium phosphate in a fluiaized bed reactor is such a process. 



Calcium phosphate preeipitation in fluidiml bed8 has so far been sMied merely for 

appiícaöons where the phoiphate commtrations in the water W be treated are within the 

range of 5 to 20 mg Pf1 [7,11.16,271. RecenUy, the phosphate content in wastewater m the 

Netherlands decreased w valucs around 7 mg PI1 mainly as a result of the large d e  

introduction of phosphate free detergents. These lower awcentrations lead to high investment 

and opaational costs for the f l u i d i  bed prows per unit mass of movered phosphate. It 

is thus ewnomically more athactive to apply the f l u i d i  W ppnnss in combination with 

a bilogieai route where the phosphate is h t  concmmhl int0 a smal1 stream with a high 

phosphate. concentration (20 w 100 mg PI1). The features of h e  fluidimi bed proces$ with 

high inlet phosphate concentrations, such as phosphate removal efficiency, mezhanicai 

stability of the phosphate grains, the reactant consumption and the sensitivity of the proces 

W the presence of impunties were nol yet d-ined. 

Therefom a k s t  screening audy was done of a fluidized bed process with high inlet 

phosphate wnwntrations hy varying opnating conditions such as the inlet wncentntions of 

calcium and phosphate and the outlet pH. Also, the effects of carbonate and magnesium ions 

normally enwuntered in the water, which can interfere with the proces, were studied. 

Carbonare ions for example tend to w-crystallize as caleium carbonate upon the grains. Such 

co-crystallization has been found to be associated wich a reduction in the phosphoms removai 

efficiency 1271, Magnesium ions at low wneenirations are also known w affezt the 

precipitation of calcium phosphate [12,19]. Besides, m m  wamwaters wntain such a high 

level of magnesium ions that the prmipitation of a magnesium sak instead of a calcium one 

occurs. Thenfore the feasibility of a p r m s  where magnesium phosphate precipitates instead 

of calcium phosphate was also discussed. 

The pnicess is b a d  on the precipitation of caicium phosphate obtained by mixing a 

phosphate solution with calcium ions and a base. n ie  base provides a shift i the left in the 

chemical equilibrium given in q. (l), thereby increasing the supersatuntion. 



The S U ~ S B N ~ O ~  6 was detïned depending on the crystal modification f0Imed. por 

amorphous calcium phosphaû? (ACP) with chemieal formula C+(Pû& via the actui4 POf 
activity, 

The brackets indicate ion activities. Whsn magnesium ions are added instesd of calcium ions, 

M&(Pû&22H2O may form and the supersahiniöon was deñned anaiogously. A 

diaraotenstic supersaturatini at the reactor inla (83 was defied as the m m r a t i o n  

obtained direcüy after mixing of the reactanu and bef- any preeipitation îakea plm.  In the 

Appauiii it is shown how b ealculaîe the suprsaturation from the total (mud) 

concentratinis of aü ions in solution. 

The core of the prooess is îhe fluidized bed 

(Pigun 1) which is fed continwusly with aqumus 

solutions mtaining phosphate i n ia ,  calcium ions 

and a base. Calcium phosphate @pitates upon the 

surface of sand grains. The phosphate eovered grains 

are removed from the b o m  of the bed and 

repiaced inîermitlently by fresh sand @s. 

Simulîaneously to the prwiptation upon the sand 

1. Schematie reprewtation nucleation in the liquid phase and abrasion of the 
of the fluidized bed. mineral layer in the bed. BMh procases Iead to 

small particles (referred b as 'fines') which Leave 

*bed at the top and form, togetber with the remauimg phosphaîe in solution, thc fraction 

of the phosphate @ai is nor rrcovered ia the reactor. Aggregacion of îhe fines with the grains, 

m !he mtrary, conîribum to the phosphate recovery. 
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The relafve imporiance of individual p m s e s  nich as the precipitatim upon the g&s, 

primary nucleatlon, abrasbn and aggregation &pen& on the supersaturation profile and ihus 

m the hydrodynamic conditions in îhe bed as wêil as m the pprrsuice of impurities. The 1 4  

ntpersaturation determines the nature of ffie crystalline phase, the kínetics of nucleation, 

gmwîh and aggregation. Hydrodynamics w 

ean occnir as a result of p r  ~ m m i x i n g .  

Lo*uIy high sq%rsatufations induw high 

nucleation rates, sümuhting the production 

of firn. Hydrodynamios als0 determine the 

rate of agpgaüon and abmion in the bed 

as wel1 as the mass trasder to the grains. 

The four phosphate streams in the reactor are indiated in Figure 1. They derermine the 

phosphaîe removal efficiency (q) of the re* and îhe wnversion of phosphate hom the 

liquid to the solid ph& (X), defined as 

where w,,. ippments the flow of the mmponent phorghoms at UK reactor inlet, w,, gíves 

the total fiow of phosphate both as dissolved P and as finn ot 4he ramor o& and w,, 

is îhe flow of dlsdved P at the reacfor outlet. 

The phosphaîe s~eams, the efficiency and the converdon as functions of the pH at the top 

outiet of ihe reactor are illuitrated in Figute S. Tb? optimum values of the pH @H& 



conversiai &J and efficiency (q& for a gim set of inlet conditions were defmed as thos 

which give the maximum efficiency and are als0 indicated in Pigure 2. 

The CalP and Mg/P molar mtiw of îhe @s and fines in îhe fluidized bed were calculated 

fmm the calcium, magnesium and phosphaîe streams Uito and from îhe reactor as 

Calcium pbsphate praeipiiaîion was oonducted in umîinuous fluidid bed reactors of Wo 

s h .  The fluidized beds had inner diieters of 0.02 and 0.05 m and a total hdght of 2.1 

m. The deiaüa of îhe inlet nozzlwr are show in Figure 3. The reactor was filled W h  sMd 

@s as substrate for the m i n d  layer up to a height in rest of 0.45 f 0.05 m. The sand 

grains had sUes within the range of 2.l@ to 6.10" m. The main constituent of sand is a- 

quartz (SiO,, JCPDS 5 - W ) ,  with minor amounts of ana- (ChA&izO8, JCPDS 12-301). 

The main iniet strem was an aqueous dution of 0.0004 kmb1~m3 t0 0.0032 kmolm' 

phosphdc acid neutralized wiîh 8odium hydroxide to a pH value of 4 or 6. The base strem 

was an a q m s  solution of 0.1 to 0.2 k~nolm.~ d i u m  hydmxide. The calcium stream was 

a solution of 0.1 to 0.2 kmolm-' calcium chloride heirahydrate. The base and the calcium 

Jtreams w e n  fed through separate n&- into the reactor. In m e  experimmis the calcium 

and the phosphate ions w e n  umbined in îhe main sheam, wheress in oüm expwiments îhe 

calcium i m  and the bace wen combined by adding a 0.1 to 0.2 b o l d  Ca(0XQ2 

suspension instead of NaOH and CaCb. The reaciants w m  aü chemical grade. 

Demincralized water wiîh a eonductivity of 1 ~S/cm or Less was used. The effect of 

impurities was shidied by pre-mixing a magnesium chloride hexahydrate m a sodium 



bicmbmate solution with the phasphate solution in a buffer vcrssl upstream the reactor. In 

addition, experíments were performed where the phosphate wlution was prepared with tap 

water or with ihe effluent of a sewage úeatment plant (hen refened t0 as wastewater) 

enriched with phosphate. The tanpenture in &e fluidized bed was 18 3 'C. All 

expenmentl and experimenial conditions are listed in Table I. 

Figure 3. Details of (he lower part of the fluidized beds. Beds with 0.05 m in diameter 
(a) and with 0.m m in diameter (b). 

A run startsd with a bed filled with sand particles and the bed was operated for at least 12 

h at constant inlet flow rates. This pnod of time was sufficient for the deposition of a 

mineral hyer with a thickness of about 5 to 20 p n  upon the sand surface. After thai period 

a sample was taken from the top of the fluidized bed, the base flow nite was changed and 

ihe pH was allowed to stabilize for at least 112 h. After sampling the procedure was repeated 

until a pH range of at least 3 pH units was covered. At the end of the experiment the grains 

were removed from the üottom of the bed and air dried for further characterization. 

The flow rates and concentraîions of the elcments Ca, Mg, Pand Na in the streams entering 

the bed and leaving it íhrmrgh the top were meawred. In addition, the inlct Ct (total 

inorganic earbonate) concentration was determined. The total and dissolved concentrations 

at the top outlet s w m  were measured, as wel1 as the pH and thc temprature. In order to 
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measure the dissolved concentrations. the top outlet stream was tdtered iminediately over a 

0.45 pm filter. 

The wncentrations of the elements P, Ca, Mg and Na were determined by inductively 

wupled plasma - aîomic emission speclroswpy (Specfro). All samples were pre-treated with 

2 N HCI in order to diswilve any suspended solids. The total carbonate wncentration was 

measured by acid-base titraîion. The fmcs and grains wem adyzed by X-ray diffraction. 

The grains were also analyzed by opt~cal microropy and scanning electron microscopy 

(SEW. 

Contamination of the base in the storage vessel by uptalre of carbonate from the air was 

negligible wmpared to the purposely added wncaiûations in experiment MgP-24 which 

matchcd those found in industrial pnctice [z?. 

S e v d  calcium pbsphate moditicatiom cm be formed by precipitation from solution [24]. 

Normaily a metaptable phase is f o d  firsî and undergoes one or more solution m e d W  

recrystaìlization steps untiì the thermodynamically stable modification precipitates. For low 

supersaturations the sequence in which each phase is formed is in acwrdance with the 

Ostwald mie of stages [LW, but at higher supersaiuratims and pH values (> 6) one or more 

amorphws wmpounds are fqmed first. 

Amorphous calcium phwphate (ACP) with different chancmistics - w h  as molecular 

struchire, GalP molar ratio and solubility - may be formed depending on precipitation 

conditions such as the pH and the pmducl of calcium and phosphate concenuations in 

solution. Tabie I1 presens some Liteiahire data on var iw types of ACP. For pH vaiues 

between 7 and la, ACP is a wen defined wmpound, which is amorphous to both x-ray and 

eiectron difraetion and has a CalP molar ratio bchuan 1.45 and 1.51. This holds fa low 



wncenirations of the calcium and phosphate ions (< 1.2.10" kmo12~mb) [4,20,22,29,31,32] 

as weli as for high coneentrations (5.W t0 3.75-102 hno12d) [9,14]. Por pH values 

higha than 10, ACP has a variable solubiiity and CalP m o k  ratio [Z]. At higher 

concentrations (> 1.0.W kmolz.mb) aapherular f m  of ACPhasalso been aicountered [SJ. 

It transforms within 2 to 5 min in10 a floccuk amorphous phasc. Both modlfdons have 

Calp ratios betwcen 1.34 aad 1.37. ûther pham have als0 bcen observed as precunon of 

hydroxyapatite (HAP) orysmuuabni 
. . within the range of concentrations and pH values just 

mentioned: Abbona and FranW-Angela [2] found poorly crystalb HAP wlareaJ Francis 

and Webb [l31 pncipiîaIcd an amorphous dicalcium phosphats dihydraie (DCPD) with a 

Ca/P ratio of 1.22. 

Amorphous calcium phosphat~ prmipitates fint and remystalliaes into hydroxyapatite. The 

process is diaracterized by a slow increase in the cryslallinity of the suspension as wen as 

in îhe CafP ratio of the crySta1.s [8&22]. A poorly crystalline HAP is initially f m e d ,  but 

cryaallinily improves with time as npenìng and g& of HAP p r 4  [29]. 

vanable ACP gtncohire 
v& with pH 

1.3510.IYd ACPI, sphenrlar 
1.35iO.M ACPZ, tloeaik 

9.8 37500 1.42 ion8 CI- [9,101 
1.52 ions NO; 



2.4.2 WWR phosphore preeipitation in afluidiud bul 

Tlic features of calcium phosphatepreeipitation analyzed in the previous section are discussed 

hen in relation to the precipitation in a fluidized bed. When characterizing the product 

f o d  in a fluidized bed, not only the mmplexities of the stnicture of ACP and its 

transformation to other modifiatiiais have to be taken into account, hut also the 

inhomogemities in the reactor: 

- the superaaturation is not wnstant throughout the reactor, bui decreases with bed 

hcignt. As more and more phosphate precipicates, the local pH decreases. The pH may 

vary up to 2 pH units throughout the reactor (s& ssction 2.4.4.3). 

- locally high supersaturations may develop ncar the inlef naules. 

- the grains do not occupy a fixed position in the bed, but travel up and down 

continuously through m e s  of different supersaturation. 

- the widence time of the grains in the reactor (-l@ s) is much larger than the time 

required fot recrystailization of ACP into HAP (- 1000 s,[4]). The residenffi time of 

fuies (-100 s), on the order hand, is shorter than the recrystailimion time, so more 

than om modifieation may develop simultaneously in the reactor. 

The grains and ñnes produced in ihe fluidized bed are therefore likely to be a mixture of 

amorphous and crystalline matcrials with slightly differem chemid formulas and mlubilities, 

whlch result kom the varying chemica1 and hydrodynamic wnditions in the reactor. In order 

to simplify the analysis of the reactor behavior, it was wnvenient to assume that the grains 

and fines were one single compound with characteristics independent of proeess wnditions. 

This asmmption was mughly supported by our expenmentai data, as wil1 be shown in section 

2.4.4.3. 

2.4.3 Charocreriultion of the grains andfines 

3.4.3.1 Grains andfines produeed ar pH vaiues higher t h  7 

Table UI summariles the results of X-ray and chemid analysis of the produced grains. For 

pH values higher than 7 (exp. Cap-7.8 and 9) a poorly crystalline TCP was formed, as cm 

be dedueed from the C M  ratio and fmm the broad x-ray diffraction peaks (not shown). The 



x-ray paaem and the chmiical wmposition of the fines were identieal to b s e  of the grains. 

Light microscopy conñrmed the amorphms nature of &e grains (not shown) and SEM views 

revealed a compact miaeral iaya with a smwth surfacs (Faure k). 

Tibk m. OveMew of X-ray and ehcmical analysis of îhe grains."' ions Ca, P, Na, C1 
alwavs r>rwent. +=hlah cmcentration, -=low. @luw crystallinîy. n.m.=not meawurd. 

liquid phase @s 

exP. ions W PH W P  MglP modíñcatiioa 
N. plurnt(" water - - - 
W-7,8,9 - demi >7 1.45-1.6 - T C P  
C@-4 - demi 6-7 1.26 - DCPD+ACP 

CaP-o,lO, @P' 
11 Mg(-),Ct waste >7 1.53 n.m. ACP 
11/92 Mg(-) &mi > 7 n.m. n.m. ACP 

llB/92 Mg(+),Ca(+) demi > 7  1.28 0.28 ACP 
MgP-20 Mg(+),Ca(-) &d 2 7  0.14 1.35 MgP, ACP 
MgP-19 Mg(+),Ct waste > 7  0.52 1.18 CaMgCt, 

ACP, MgP 

The &s and hnes formed in the fluidircd bed are asumed to be ACP with the molecular 

formuia ~(Pü&,  whioh is consistent with the measured CalP ratio, of 1.45 to 1.6. A 

solubity K,- of 3.1ûn Irm~l~.m~'~ @ased on advides1 was fitte- to the erpenmental 

result8 as wili be shown in seetion 2.4.4.2. 

2.4.3.2 MN MdfiResp&ed ar pH vaiues ö e m  6 Md 7 

For pH vaiuea within the range of 6 io 7 (exp. W-41, the graina were identifed au 

dicalcium phosphate dihydrate (DCPD) by x-ray diffraction. The @s had an inner 

ammphous layer and au outer cryatalliae layer (observed from light microscopy of the cross 

section of the grains, not shown), the latter consisthg of p W k e  DCPD crystals with 

lengths of 10 to 100 pm Oiigure4b). The W P  molaf ratio in tJw grains was 1.26 f 0.05, 



m 
Fîyre &,b. SEM views of gram from exp. Cap-8 (a) and W-4 (b). 



F i r e  &,d. SEM view of a grain from exp. MgP-ZO (c) and a detail of the Kame 
grain (d) showing hexagonai magnesium phosphato crystals mixed with an 
amorphous phase (ACP). 



consistent win a mixture of ACP and DCPD. nte  crystaüime iayer was eithw formeà 

directly or via a s o l u ~  mediitai mryscailííon of thc migindly amorphous phase. This 

muld have ha* wemight, when the bed was not oprated. <kiee fonned the crystalline 

phase was Iikely to continue its growth, since rhc pH was 7 a lower. Abbona et. al. [I] 

found that the first phaw f o r d  under similar ccmditim at pH values of 6 and 7 were 

respeCtively DCPD and ACP, consistent with OW lesults. It was not possible to obtain 

reIiabIe measmments fot the W P  molar ratio of the Furw h u ~ e  of the presence of a 

relauvely large amomt of mdissolved calcium hydfdd~ .  

2.4.3.3 g e c t  of nazpsiw ions ai rk gmins charaaerisdc( 

h4agwdum ions ean affect t b  charaeterislics of fhe produced grains in two ways: it 

stabillm ACP thr~ugh inhibilion of the development of a cry>talline modiReation [Z] and i t  

may co-presipitateas Id&(PO,h.ZZH,O (MgP). nie fint effect was observed in expenments 

with tap wafer (exp. CaP4). wastewater (exp. Cap-10 and Cap-1 1) or d e m i n e d i  water 

to which magwsiwn w~~ (exp. 1 U92 and 11B/92], wherc an x-ray amorphnio &ium 

phosphate simllar to ihac $esenbed carlier [4,20,22,29,31,32] Was f m e d  (Tablc In). nte  



marphology of îhe grains (not shown) was similar to that obtained in <he absence of 

magnesium. Substamiai co-preeipitation was obsmred fa a solution eontain'mg high 

magnesium and low calcium coacentration (exp. M%>-U)), where the @s were covered 

by a mixûue of M&ilpa4h.22H2O and x-ray amorphous calcium phosphatt. Magnesium 

phosphate was present as hexagonal platelike crystels, intmningled with hgulady rhapad 

ACP (Pigure &,d). Hexagonal magnesium phosphate crystals were also found by SECKLER 

[Z61 in the abaence of calcium ions. If ammonium in ia  are al80 present, stninte 

(NH,MgPO,~6&0) dwelops instead of magnesium phosphate [26]. 

Ffgum 5 W P  (i) and MglP ( A )  molar mios of the 
grains as funcîions of the inlet supersahiration &o. 

is always positive, .w negative vaiw of îhe ratio 
%cate undersaîuration with respect to MgP. 

The W P  and MgiP molar 

ratios in the @s were 

falculated from eq.(5) and 

q ( 6 )  for a wide range of 

~~pasa tumt i~n  Rtios &&BA& 

(pigure 5). The solution was 

always supgsrtauaîed with 

respect to ACP IB,, >O) so 

negative val= of the raho 

i n d i c a t e  

undersaîuration with respect U, 

M%> (&,<O). Pigure 5 shows 

uiet the @s incorporate 

variable amounts of magnesium, 

d e p e n d i n g  o n  t h e  

supersatuntlon ratio. Por solutions undasahirated with mpect to MgP the only modificaöon 

formed was ACP m magnesium must be ineorporated in the ACP. Fa solutions 

supersaturated with respect to both ACP and MgP part of tbe magnesium was present as co- 

crystallized MgP. 

2.4.3.4 Effeci sfcarbonate ions on rhe gmi>LF charoeerisn'crp 

When not only calcium and phosphate ions were present, but also mixmate and magnesium 

ions (exp. M@-19). the W P  and MglP molar ratios were 0.52 and 1.18 reapeclively, 



urnsistent wiih a mixture of CaMg(CO,), (B mol%), Mg3(PûIh.22H,0 (25 mol%) and ACP 

(66 mol%). The hvo fonner pbases were aso identified by x-ray diffraction. These 

d i t i o n s  should be avoided in normal operation of the flui- bed, s ine  the phosphate 

removal efftciency was low, probably due to the poor meehanieal resistance of these mixed 

grains. BeJ'ies, pari of the oalcium (or magnesium) ions ad& to the reactor are wasted. 

sime they are wnsumed to precipitate CaMg(CO,), instead of a phosphate salt. 

2.4.3.5 Mechanica1 stabiliry of the gram 

Grains sampled TiPm the middle of the bed often had an irregular surface with aggregated 

padcles upon it (Figure 4e). Graíns removed from the bottom of the bed typically showed 

a compact minetai layer with a smooth surface (Figure 4a), probably the result of abrasion. 

Abrasion is likely to be more intwise at the bottom of the bed, where the energy dissipation 

is the highest (the energy dissipation at the bottom result8 from the energy required to keep 

fluidiition and from the dissipation of the kinelie energy of the main inlet stream, whiih is 

added to the reactor via a nozzle with a velaeity of 1 mls, whereas upwards in the bed 

merely energy needed for fluidization is dissipated). 

2.4.4.1 Oprimm tonwrsiiDn 

The optimum wnversion (X4 for a givm Jet of inlet mnditions was defined in section 2.2 

as the conversion comesponding to the maximum efficiency. When the water to be treated 

mntained magnesium or carbonate wns, X, reached values within the range of 80 to 9596, 

whereas in the absence of these ions vaiues between 50 and 65% were obtained (Table I). 

Slnce most wastewaters wntain some catbonate and magnesium ions, in praciice f l u i d i i  

heds for phosphate removai wil1 operate at conversions between 80 and 95%. 

Low X* vaiues are desixable b a u s e  they imply a low base wnsumption. which is an 

important component in the operating m t s  of a fluidized bed for piíosphate removal. 

2.4.4.2 Calcu[-olon ofeqwlibrium conversion 

Typidly, ACP precipitation is characterized by ui abrupt inrrease in wnversion at thc first 



stage of the precipitah. Afkr this first stage, universion further inerraces slowly. 

Chanctaistic times of - 10 s for îhe eonversion in îhe fint stage w m  messured in our 

reacior (Chapter 3) and the additional eonversion att?ined upwards tiu îhe top outlet of the 

reactor was marginally higher than the initiai value, so thc solutiao ieaving tbc top ouîM of 

thc reactor can be wnsidaed to be in equilibrium with ihe solids. The equilibrium 

conversion can be ealeulaied from the in& conditiaos, SI the achd converston in the 

fluidized bed can be prcdicted for esch set of inlet eonditions. 

A mathmiatical model f a  the calCulation of the equilibrium conversion for îhe system Ca- 

PO,-OH is presented in the Appendix. Por the system Ca-Mg-PO,Ct-OH the public domain 

software MINTFQA [3] was used. The model inputs w m  the concentrations af calcium, 

magnaium, phosphate and carbonate ions as wel1 as die counter b s  sodium aad chloride 

after mixing of reaciants but before precipitaüon. ACP was assumed t0 have the chemieal 

fomuía &(PO& and a solubiity of 3 . W  ho15~m~". This solubiity value was the only 

model parameter and was obîained by fitting h m  out experimental data. The model outputs 

wem the solution pH and ihe supersaturation. Precipitation of ACP unül equilibrium was also 

sim-, so the equilibnum conversion and the pH aftex @pitation were ealculated as 

well. 

When two a more phasen precipitate simultMeously, the conversicm c m o t  be predicted 

beau~se the reiative amounts of the precipilaiing phases not b w n  in advanec. However, 

the equiiibrium model can be used t0 CalCuiaie the iniet sup~~aturatims 6 t h  rmpe~I to the 

possibie mlids, so proces wnditims can be c h m  which avoid the formation of an 

unwanted phasc. Fm instaace, as has already been shown, the uicorporation of magnesium 

ions i n m  dmdcaily for positive vaiues of 0, (Pigure 3, indikaruig eo-preeipitation 

of W@~Z.~W@. 

2.4.4.3 Conzporisn &men crileularcd anti m?aswul mwrsions 
In generai the wnv- (measured at the reactor top outlet) increaw wíth the amount of 

base fed to the rra*or and therelore with the measured top outlet pH, approachhg a value 

of 100% for a suffiently high base additim. An e m p i e  is prrsaited in Fiure  6. The 

spread in the measurcd eonvenion wac large becaiuu: only part of the total flow was san~pied. 



measured pH (-) 

Figure 6 Efficiency and wnversion in exp. W - 8  as 
funcüons of the pH at the reaetor outlu. 

measured pH (-) 

Figure 7. Measured (data 
points) and predicted (iines) 
conversion as functions of 
the measured top outlet pH 
for waters with carbonate 
ions (+, exp. w-11) .  
magnesium ion$ (A,  exp. 
116192) and without these 
ions (i, exp. W - @  

The sampling procedure was 

later optimimi (the total flow 

was sampled) so the 

reproducibility improved 

substantially (w for example 

the conversion versus pH curve 

af expmiment W - 1  1 in 

Figure 7). 

The calculaIed wnversions 

matched the measured 

wnversions reasonably wel1 at 

varying calcium, phosphate, 

carbonate and magnesium 

concentrations. at measured 

pH's be- 6 and l I and for 

different types of phosphate 

s o l u t i o n  ( P - e n r i c h e d  

deminenlized water and P- 

enriched wastewaier). This is 

iUusmted in Figure 7 for 

varying carbonate and 

magnesium concentrations (exp. 

C@-8, l lB192 and Cap-LI). 

An increase in the total 

concentfations of magnesium or 

carbon@ ions produced a shift 

to the nght in the wnversion 

vs. pH curve. This shift 

occurred because these ions 

form complexes with calcium and phosphate ions, Y> reducing the wncentration of C& and 

available for preeipitation. 



As the comenaation of ealcium and phosphate i d .  !he cnivereion curve shifted ta the 

lefi (mi shown), a result of the direct effe3 af t h w  variables on the ~ipersaturatian (see 

e q . m  

The equiliium behavior of waskwatex sdutions was wcll d e a d d  by the syaiem Ca-Mg- 

PO& (Pigure 7. exp. Cap-l l), indieating that iheinfluaicc of impurities notmaüy present 

in wastewater, other than carbonate and magnesium, upon the equilibrium is minar. 

Since the equilibrium wnversian described most experiments qulte weii, it was amciuded 

îhat the chemicai formuia of TCP and a nalubility of 3.1WR hnolJm" npresent wel1 thc 

stnicaire of ACP in the range of conditiais s a i d i .  

The pH vaiues befare and aíìer precipitation wem alna caleulaied. However, îhe caiculated 

pH afterprecipiîatian was 1 pIIuniîlaverîhan thepH measund a t thebp  autietafthe 

fluidized bed, m !he model does not predict the measured pH accurately. The pH was 

caículaîed ta decruisc up to 2 pH units as a ansequence of the preciptatiw p~acear. 

The abiuty to predict the umvnsian can be u& ta d w r m i g  the apemîing range of !he 

fluidized bed reacta by noîhg that gennally the optimum efficiency was obtained wben the 

coaversion was within the range of 50 - 65% in the absence of Carbniate and magnesium 

ions and 80 - 95% othcnvise (Tabk I). The amount of base to be added nacded to abtah the 

mpired coaversion can be calculatcd if the compositian of the water to be W is knwn. 

optimizatiai of the efficiwicy can îhen be achiwed by adapîatians within a ~ n o w  range af 

base adailioh 

The canversian canna he used as a pamm& ta determine the value af the efficiency. 

Prediction of the efficiency thrwgh thz supersaniratjon at thc factar bottorn before 

pncipitation @J aisa ailed, as ean he deduced h m  experimens with vaflous phosphatc 

and caicium cancentraiims (exp. CP-7,8,9). They al1 had wmmai B. valuss (not shown), 

but multed in different efficiencies. The efficiency when t d n g  water of a given 

compasition can only be detemiined expmimentaily. 



2.4.5 Phosphate removal 

2.4.S.l E m t  of start-up 

Dwing s--up the phosphate 

removai efficiency depends on E 
the precipiaation of ACP upon 0.2 

the surface of the bare sand 

grairrs. As time proeeeds, a O 0 1 2 3 4 5 6  

calcium phosphate mineral layer time (h) 

&doPS uv grain's Flgure 8 Efficiency against time during start-up (exp. 
so that precipitation upon CW). At t=O the f l u i d i  bed is fdled with bare 

W u m  phosphate takes p k .  
aand grains. Inlet P coIIc41tration = 3.2.1Ct1 kmol.mJi 

The efficiency vs. time cwve for exp. CaP-4 (Figure 8) shows that the growth upon a sand 

surface was Iess favorable than growth u p  a calcium phosphate surface. After a period of 

3 h, when îhe calcium phosphate Iayer had an avaage thicloess of 2 firn, a msianl 

efficiency was obiaioed. JOKO [17] found a similar effect for a fixed bed with low Uilei 

phosphate concentrations. The thickaess of 2 Pm f o d  in our expaiments mesponded to 

a phosphate egnccntration in the grains of 4 mg Plg grain, which mmpares wel1 with the 

value found by JOKO [17], of 1 mg P/g grain 

2.4.5.2 mect of'the infec phosphate concentration IPJ 
The opiimum efficiency for experiments with varying P, (exp. CaP0,4,8,9) is shown in 

Figure 9. The optimum efîlciency increased fora decreashg inlet phosphate concentration. 

The experiment with the highest P, value of 3.21R1 lun01.m'~ (exp. W-4) formed an 

exception to this general trend, d w  to the crystui modicaíion f m e d  (DCPD), which was 

different from ACP fowd in the &her expedments. Thc development of this DCPD probably 

came hom the dimntinuous operation of the bed. At ihe lowest P, value. JOKO [lq and 

SECKLER [27] have found optimum effeheies similar to those reponed in Figure 9. 

The u% of a Ca(OkI), suspension insîead of a NaOH dution in exps. with P,, values of0.4 

and 3.2 (exp. Cap-O and CaP-4) aiso mntributed to an improvement of the optimum 



efñciency. The &(O& patticIes are likely to dismhre alowly a h g  !he bed lenpui, 

distribuihg the supemîumtion 

m m  eveniy through~ut the ò 
bed, and thus favoring growth 

upai the grains and aggregation 

of developed fines with the 

grains. 
o 

0.4 
2.4.5.3 L@ècr of rhe kla (7aIP 

mok1 ratio ( (WP)'J g 0.2 o 1 2 3 
0.0 

When c~mpaling (WP),values [P] inlet (M x 1000) 

Of and @ps. and Eigure 9. Optimum efñcíency (i), optimum convenion 
W-7) the fonner resulted in a (+) and optimum pH fl as functiona of the inlet P 

coneentration. DCPD preoipitated at the highest P 
'kher optimum efñcíaicy mcentration, otherwise ACP was fmmed. %p. cap-O, 
(Table i), showing the nerd to W-9, W-8 and CaP-4. 

add d c i u m  ions to the reactor 

in an amount W e  the stoichiometno value for ACP (1.3). 

2.4.5.4 of &t? warer m, carboncue and magnesiwn ionr 

The uae of Painched wasiewater (up. W-10, q=%%) led to a lower optimum efficiency 

than a sirnuar experiment with P 4 c h e d  &mineráüd water (exp. Cap-8, q=42%). The 

differente can be patîly attríbuted to îhe carbonS.te content in the wastewater (l.J.103 

kmolm-). By further Increasing îhe carbonatc. corilent in the wastewater up k? 6.81V3 

l o n o l d  (exp. cap-l l) the oplimum efficiency dropped e m  more (q=20%). The measured 

CalP molar ratio in the grains was 1.54, indicahg uiat only minor ~~~rystaiiizaîion of 

CaCO, oceurred. CaCQ cio-crystalliaation has been obseived ia an industrial scale fluidized 

bed when the total carbonaie content of thc water was higha than 1.103 to 2.1D3 h n o l d  

m. 

Magaesium ions are always present in wastewaters. When the inlet Mg/P molar ratio, 

@&iP)=, was l w e r  tñan 2, the optimum efñciency was n a  affected. Above this value, the 

oplimum cnidaicy decreased, as shown in Pigum 10 (uperimentr W-8,11/92,36/918nd 



Figore 10. Efficiency (i). optimum wnversim (+) and 
optimum pH (*) as funetions of the MglP molar ratio at 
the reactor inlet. Exp. Cap-8, 11/92, 36/92 and 11B192. 

When the wastewater already 

contains high magnesium 

uinceotrations, ii might be 

advantageous to substitute the 

calcium s- by a small, 

supplementary, magnesium 

stream. In the absence of 

calcium ions. an optimum 

effxiency of 45% was found 

for the precipitation of 

Mg,(P0,k.22H20 (exp. MgP- 

23). Similar efikiencies have 

previously been obtained for the 

precipitation of struvite (NH,MgW,.6HzO) [261. When the calcium wmeentrntion was low 

(Ca/P<0.8), a mixture of Mg,(P04h22H@ and ACP was formed and efficiencies similar 

to those found during calcium phosphate precipirarion were obtained (exp. MgP-20) even if 

the water w~tained carbonate concentrations of up to 1 .8.103 k m d d  (exp. MgP-24). The 

(Mg/Pji shouid be 2 m higher (wmpare exp. MgP-20 and MgP-30). If 0.8 < (WP). < 1 S, 

ACP precipilated preferentially af a calcium supply insufficient to provide for a high 

efficiency ( (WP),<3, see section 2.4.5.31, so the optimum effiojency was low (exp. 

l lB192). 

2.4.5.5 mect of the reactor size 

The e"icienues obtained in the reactors with diameters 0.05 m and 0.02 m were the m e  

(e%@menta Cap-8 and 48/91, as wel1 as MgP-X and MgP-20 in Table I). 

A parametric sîudy of the phosphate removai in a fluidized bed reactor was made. The 
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, phosphate removal efficimy depends on tbe eomposition of the water tob. treaîed, aná a 

maximum ef f ichq of 50% was achieved. In general, the calcium ions supply should be 

enough to bring thc Uilet Cs/P molar ratio to the value of at least 3. The base supply should 
suffice to & a cniveipion of 50 - 65 W in the absence of carbonaîe and magmsium ions 

and of 8û - 95% in their pnscnoe. The pH values conesponduig t0 these mditions were 

g m d y  within the range 7.5 in 9. 

Generally a low inlet phoaphate concentration favors high efficimch (56% tor 0.5.103 

kmolmJ P and 42% fm 1.6.10' kmolm? P). 

The amo1phous caloium phosphate f o d  was suitably repmsented by the chemical fonnula 

Q@O,),, having a pH independent solubility of 3.1Un kmolJ.m-" (basad on activities). 

Subsiantial cc-wysîaiiization of M&(P0,),.22Hz0 occurred for high cnicenuations of 

magnesium ims and low umcenfrations of calcium ions in the water (molar ratios M&P> 1.6 

and CdP < 0.8). When the calcium, magnesium and carbonate ions were pnsent (C* = 1.6, 

Mg/P=2 and Ct-0.4 lW3 lunol-ma), not only ACP and Mg3(P04),.2nY0 were fonned, but 

aiso CaMg(C0,)z. 

Chdical equilibrium feiationships can be used to select process wnditions where co- 

precipitation of unwanted phases are avoided, as weU as to cakuiate the amount of base to 

be fed to the rraftor. 

Magmium ions dissolved in ihs water to be treatbd can be tolmi& at inlet Mg/P molar 

ratios of 3 or Iess. Gvbonate umtents of 1.8.1Q3 kmolm" or less kui be tolerated. If <he 

water antains low calcium concainetions (inlet molar CdP ratioc0.8). substitution of the 

calcium strem by a magnesium stream may be applied to preeipitate magnesium pbosphatc 

at efficides oomparable to calcium phosphate prccipitation. 

2.6Appendlr: Wefntdid model fìrllu: chmWe~riiUbtiuntforUle wem Ca-PüNH 

A quantitaîhe desr$ion of the chemid equilibria in an aqueous solution €m the #y- 
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Ca-PO,-OH is presented, based on mass balances, chemica1 equilibrium relations, and 

dectmneutrziuty in the tiquid phase [30,15,23]. The comp>nents considered are calcium, 

phmphae as weii as the counter ions chlorine and Jodjum. These components are present 

in solution as a large number of ion3 and complexer. 

A mass balanoe for the components Ca and P in the liquid phase is 

C ~ ~ - ( I - X )  - [ p 0 3  + [HPO:-I + [HWI + 

+ [H&)$ + [CaH1P04+] + [ C ~ H P O ~  + [&PO;] 

The mass balances for ihe components Na and Cl are just identities, s i m  these 

components neither form any complex in relevant amounts nor participate in the 

precipi(ation readion: 

c- - [Na'] 

The electmneutraiity requirement gives 

The concentrations of the ions and complsxes are detemiMd fmm the fellowing chemid 

equilibrium relar'is: 



The complexes involving the ions sodium and chloride do nok affect the hehemical 

equilibria substantiaüy and are îhus neglected. The concentration and the activity of an 

ion with vaienee v are reiated by 

The activity cdfkients were estimated from the Danes equation [6]: 



The cgncentratkms of the cornponenw +,n, e,,,,, c,.,. k, as wel1 as the conversim (X) 

are expetimentrdly determined. nie previeus equatinis form a cl& set of non-linear 

equdîions which is solved by ihe multi-vatiable method of Newton-Raphson 1251. The 

w n d o n s  of aIl ions and wmplexes in solution are ïhus obtained. At the reactor 

beaom, aiter mixing of the inlet streams but before precipi!atÍon, the wnversion X is jus1 

m, so Ule supersaîuraîion wd inlet pH are dcularai. At Ihe reactor ouflet, the ions are 

allawed to vanish from solution (due to precipitation) until the supersaturation equals 

w o ,  so the equilibrium conversion and tbe outld pH are daived. 

aeiivity, kmolm-' 

wncmtration, kmolm3 

wncentration, h o l d  

total Co) 

reactor diameter, m 

solubility product, kmol'dS 

conversion, - 
flow raïe of component A, 

kg s' 

Gresk letters 

B supe~turation, - 
B, supersaturation d the reactor 

inlet after mixing of mciants 

and hefore preeipitation, - 
Y aaivity eoefficient. - 
Ir ionic sîrengih, kmolw3 

graia sand w v e d  WM mmerai 

layer 

OM opurnurn 
tut mpnren t  as fines and in 

solutkm u the reactor outlet 

sol mmponent in dtssolved form 
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c m 3  

iDENTIFICATION OF PEYSICAL PROCISSES IN A 

FLUIDIZH> BED FOR PHOSPHATE REMOVAL 

The main prwem conceming the precipitation of calcium phosphate in a fluidized bed wcie 
siudied. Primary nucieation and molccular gravth m r  at the bottom of the bed, whm the 

inwming phosphate is mixcd with îhe reactmts, prodwing fuic particIn) whieh partly 

aggregate with the grains of the bed and furiha leave the reactor with the liquid effluent. 

This aggregatIon seems M be îhe mosi important pn>cass for phoaphate removal, while 

molecuiar gmwth of the grains seems to be of secondary importanee. 

Fluidized beda are often used for îhe crystallization of watse pducts with a namw @cle 

size disúibution, since classification of solids in the bed pennits mova i  of crysds with a 

pre-speciîïed size [4]. Recently fluidieed beds have also boen used for the scparaton of 

several sparingly soluble compounds h m  water. Processea for removai of calcium ions h m  

drinking water (water softening) aud of environrnentally hazatdous species such as heavy 

metals fmm wastewaters have been dovelopad to full d e .  One industriai scale plant for 

phosphate removal f m  domestic wastewater ha9 alm been built, based on the precipitation 

of calcium phosphates [b]. In the la&x we werd phosphate moval  efficieni of about 

90% wuld be obrained by applying reeimiaiion and filtration of îhe trcaîed water. The 

single pass reactor efficiency however, was d y  50%. In order to omit the Ntration step and 

to reduce the recirculation, higher single pas phosphaie removal efficiencies have to be 

reached. Expehents in a h c h  scale plant under widely varied openîing conditions 

(Chapter 2 and [5]) as wel1 as opiimized pilot plant experiments have not succeeded to 

provide higher efnciencies. In order to improve ihis figum, a better understanding of the 

fundamends of the pmoess is needed. In this papa ihe main proee8ses eonceming the 

preeipitation of calcium phosphate in a fluidiml bed and íheir timescales wem 



experimentally studied by identifying the loeal phenomena in the bed. Fluidization 

cbaractenstics of the system such as loeal voidage and segregation were not wnsidered here. 

They wil1 be studied in Chapter 5.  ,&r-y%& 
3.2 Proerss descdplion 

îñe pro- is based on the pmipitation of calcium 

phosphate by mixing the phosphaîe wntaining 

wastewater with a source of calcium ims and a base. 

The base provides a s h i  to the nght in the chemica1 

equilibria given in equation (l), thereby increasing the 

supersahiration. The supersaturation with respect to 

amaphous calcium phosphate (ACP), Ca,(po&, is 

Wied as shown in equation G). 
Psoluuon 

H' H H 
Pgrains 

H,PO, + H,PO; + HPO:- + PO:? (1) 1, Schematic 
repmentation of a fluidized bed 
f a  calcium phosphate 

8 - f - l n  (cal'?.(pO:Y prreipitation. The multiple outiets 
K"w are used for the measurement of 

local pmperries. 

The b r a e h  indicate ion aetivities. The acfivities of the water molecules are assumed t0 b8 

eonscant. K,, is the solubility product of ACP. 

A schematic view of the fluidized bed is shown in Figure 1. The phosphate solution 

(influent), the calcium source and the base are added mtinuously at the reactor bottom. 

Calcium phosphate deposits upon the surface of sand &ns. The phosphate wered grains 

are removed at the bonom of the bed and replaced intermiItaitly by fresh sand @s. 

Simulianeously to the predpitation upon the sand grains, smal1 calcium phosphate particles 

(fuies) are geoera<ed in the reactor. îñis fines stram partly Ieaves h e  bed at the top and 

fonns, together with the remaining dirsolved phosphate stram, the percmtage of phosphate 

which is not movered by the fluidized bed. Part of these fine particles aggregate with the 

sand grains on their war up in tb bed and thus comiibute to the P removal efficiency. 



The phosphate streams laving the metor are. cniveniently quantificd in m a  of the ratio 

Wem the phoaphaîe flow rate in a givai 8tnam (m kg Pis) atad the flow rate entering the 

reactor. 'Ik dimcasionlars fures fraction a), dficiency (q) and conversion M are then 

denned a% 

The axial poslöni in the reactor 0 can be relaîed to the rssidence time (r), i.e. the time 

nesded for the liquid phase and the fm to travel h m  the bottnn of the m&or to thaí 

particular axial posiiíon. It is assumed that the huid mwes upwamla as a plug fiow and fhat 

the finca in solution move with the same vdoeity as the huid, so that the following relation 

holds, 

7 - R . e l v a p  (9 

w b  v, is the supemcial velocity in the fluidized bed and E is the bed porosity. 

Continuous experimenti in a fluim bed (Pigure 1) were pe&rmed h whieh the phosphate 

dimensiaileas values of X ,  q and X at \rarious r- heighta were ddenillned. Experimmts 

in a plug flow reamor, whieh was simply the column of Fire 1 to whích M sand graios 

were added, were a h  performed. In this way the precipitaiiai of tina d d  be studied 

independently from the processes omutring in the presmce of h e  grains. 

The reactor had a diameter of 0.05 m and a height of 2.1 m and was provided with 6 outiets 

at various heigbís. 'Ik Them of the ruictor was pmided wjth three nazzles for the hlets 

of a phoaphate solution (mfluuit), a calcium and a NaOH solution @as), mpeeíivdy. A run 



staifed with the ó" (upper) out1e.t o p ,  the reacior M i g  filled with a bed of bare w d .  

Afìer a stan-up pen& of 24 h to allow the depwition OP a mineral iayer upon the sand grains 

surface, the reactor effluent was sampled fot analysis as demribed below. After that the 5" 

outlet was opened. The bed baome then a little s h o w  Ihan before and the sampling 

prooedure was repeated. In this way the profiies dong die reactor length of al1 the relevant 

mriables wuM be measured. The process eonditions are summadzed in Table l. 

Table I. Prmess eonditions in the fluidized bed. 

- inlet phwphate wncenlration: 1.6.10-j kmolm" - inlet WP molar d o :  3.0 - - pH at the reactor outlet: 7.2 - supcrRcial velocity: i.i.102 m d  - sand grains type: - sand diameter: ? k @  m - initial bed height in fluidizatton: 0.37 m - avefage bed porosity: 0.76 - 

The concentrations and flow rates of the sïreams entering and laving the reactor were 

meaured. For the hüer sueam 'tolal' and 'filtered' samples were taken. For the 'total' 

samples, the tetal flow was poured hy gravity inio the sampling mipient, thus avoid'mg 

sagngation of fineg during sampling. The 'fïiiered' portion was wll~cted by suctioning with 

a syringe provided with a filter (0.45 frm), thus reducing the filtering time ta a minimum. 

Bath the total and the filtered samples were analyzed for the calcium, phosphate and sodium 

eoncentrations by inductively coupled plasma - atomie emisdon spectmscopy (Specuo). The 

mmtrations of these ions in the fines s- was calculated as the differences between the 

'total' and 'filtered' samples. Th* particle sizc distritiution of the fines was measured on-l'ie 

using a laser diffraction technique (Caulter LS 130). 

The grains and fines removed from the reactor were air-dned for at least 48 h. The grains 

were subsequently weighed, so the bed porosity wuld be calculated. Grains and fines had 

their calcium and phosphate wntents determined and were analyled by X-ray diffracton. 

Chemical grade rt?agents and demineralized water (conductivity lower than 1 frSícm) were 

u&. The influent was a H,PQ solution with the pH adjusted ta 5 with NaOH. Calcium and 



base reagent solutions were prrpared wiîh CaCi2.6H,0 and NaOH, rrspcctively. 

The plug flow reactor was the Same as described above, but no sand was added. The 

acperimnital procedure and pmcess conditions were the same as before. 

Rare2 shows the variow dimensionlws phosphate sireams &M by eq. (3) as a huiaion 

of the residenCe time in the fluidizsd bed. The mversion (X) i n d  &Uptiy in the k t  

20 s (which corrarpaids to abed hei@ of 0.3 m) and changed little ahcnvards. Mwt of the 

colwened phosphate 

was presait as fue8 

near ihe fluidized 

bed bottom, as 

shown by the X, 

eurve. Most of these 

tules disappared as 

they travelled 

upwards together 

with the liquid 

phase, and the 

phosphau in îhe 
residence time (s) 

gwias Figure 2. Dimensionless phosphaa s-s in the f l u i d i i  bed as 
aceordingly (we eq. a hincüon of the residenoe time. o = umversion (X), * = fúu?a 

(4)). Near the 
flW 6). fl = effitCe.hcy (q). 

fluidíd bed outla the system approaohed equilibrium, 6ince al1 three phosphate Jtreams 

were about constant. 

Pigure 3 shows the pariicle size distribution (PSD)of the in the fluidued bed, weprrssed 

as nurnber percentage, at 8everal nsidence times. The PSD arprwed as volume proentage 

(n@ shown) varhl wiih nsidaice time in a similiu way. The number averaged size increaaed 



Partide diameter Ipml 

Flgure 3. P&le size disnibution of the haes in the fluidiad bed at various residen- 
times. 

fmm l pm to 20 

pm within M) s. 

This matches with 

an average l i m  

growthrateof3x 

l@' d s .  

in the absexe of 

sand grains @kg 

f l ~ w  reactor), the 

p h o s p h a t e  

conversion wied 

residence time (s) 

with the resi&= Plgure d. Conversjon in the plug flow rfactor as a function of the 
residence time. l 

time as shown in 
l 

Fígure 4. Phosphare conversion into a solid phase increased abniptly in the fust 20 s 1 

(correspndhg to a bed height of 0.2 m) and remained constant aftemards. 

The PSD of the fines in the plug fiow reactor at weral r e ~ i d f f l ~  times is shown in Figure 

5 and W remained almost constant almg tb mctor. A number average diameter of 5 

firn was obtained af a ~~sidence Sime of IQ s or Iess. thw mmsponding with an apparent 



Par tk le  dlameter Iuml 

Fture 5. Parîicle sím distribution of fines in the plug flow reacior. The curves fa the 
indicated residence times fa11 wiUun the hatched area. 

growth rdte of 5 x107 mls or mm.  

The graina and the firn from the f lu id i i  bed as wel1 as from the plug flow reactor were 

identified by X-ray d i t i o n  analysis as a low aysrallinity triealoium phosphate, with 

chemical formula Ca,(po&. Chemical analyais gave a CUP molar ratio of 1.52 I 0.05, 

amsístent with the chemid formula. 

In the previous b o n  it was shown how the phosphaîe ions entering the fluidized bed were 

disîributed betwcai the îhree dimsionless streams, fues, grains and soluble phosphate, 

characterized mspeaively by &, q and I-X. Furthamore, changes in the mes PSD with 

time were shown. The potential meehanisms for the changes in ihe stnam values are 

discuseed below. 

Piimary nucieation and miecular gmwth of fuies and grairis are supposed to óe responsibk 

for the conversim of phosphate from the tiquid to the miid phase. Figures 2 and 4 show that 



the conyersion in both the plu$ flaw reactor and the f l u i d i  bed, and thus the primary 

nucleation and molewslar gr&, wcre fast processes that were completed withii 20 s. In 

the rest of the plug flaw reactor and of fhe fluidized bed (r> 20 s) primary nucleation a d  

moleni1ar growih hardly oocuned, sine ihe conversicm varied little. 

Primary nucleation and moleculargrowth of calcium phosphate only accur when thereactants 

(ealdum ions. pbosphate ions and base) are mixed on a molecular scale. Since these 

pro- are fasi, ic is liliely that their kides  are influeneed by mixing conditions and so 

are precifitate chancteristics such as cryscallinity, particle size disbibution, impurity uptake, 

ete. A Wier undersfandÍng of the influence of mixing on the prsipifate chmcteristics is 

thcrefore needed and wil1 be studieú in Chapter 6. 

The apparent gwwth rate of the fines in the plug flow reactor was estimated fm the 

measured PSD and from the fines residence time in the reactor. An apparent growth rate of 

5 x 10' pmls was oblained, a value which mms too large to be caused by molecular 

gr& only. Therefore subsequent fines-fines aggregation is most likely to happen. The 

iendency towards aggregation d u ~ g  calcium phmphare precipitatioii has been arlier 

repozted in the literature [1,2,31. 

In the Ruidìued bed, the measured changes in PSD of the fmes with time wuld result from 

two types of aggregation. fines-grains and fines-hes. 

Aggregation of graincfines is alm consistent with fhe oburved disappearance of tines as they 

traveled upwards in the fluidized bed (w X, in Figure2). Fmm Figure 2 it can be estimated 

ihat fhis disappmnce corresponds with u least - 2 3  of the phosphate removed by the 

fluidized bed. The remaining 1/3 was removed eithff by aggregarion or by molecular growth. 

Aggregaüon of fies-grains thw plays an imporiant mle in the phosphate removal efficiency. 

A better understanding of the aggregation prwess may iherefore lead to an improvement of 

the phosphate removal efficiency in the îïuidized bed. The aggregation process wil1 be 

studied in Cbapters 4 and 7. 



AbraJion of the gráuw in the f l u i d i i  bed, which results in tines generation at îhe cosi of 

a 108s in the hevered phoaphafe, a o t  be wcluded. Par from die fluidized bed inlet (at 

r > 10 s) the valucs of ?j and X, mult fmm a unnpetition Weai aggregatini of fines- 

grains whicdi ca- q t0 increa8~ and abrasion which causes 11 to w. The aggregatini 

process dominam, since ?j i n m a m  with T in Pigure 2. Near the fluidized bed inlet (r C 

10 s) the same wmpefition holds, but primary nucleation and growth of k and grains do 

occur there as weil. Abrasion i$ wpeeted to be -y imp>rtant near îhe inlet node% 

whue energy dissipation is the highest. 

The main processes wnceming the prsipitation of calcium phosphate in a fluidizad bed were 

established. P i  are produd by primary nucleation and moleoular growth at îhe reactor 

bottom. Agpgation m g  the fines OCCUR rapidly, particles of 5 pm being formed within 

10 s or lens. The ñnes alm aggregatc with t b  grauis as they travel upwards in îhe nador, 

this process being wmpleted within 50 s. The liquid phase approaches equilibrium withui SO 

s, îhe eorrefpondmg reactor height being 0.3 m. Moleculaf growth upon the graina is a 

secandary pmcess with respect to the phosphate removai. 

Sice the primary nucleatim, molecular $rowtYi and aggregation of calcium phoaphate are 

al1 fast proeesses, it is likely thaî they are influenccd by mixing cniditions. The influence of 

mixing upon these procu1se8 and thus u p  precipitate chanrcteristics such as size distribution 

wil1 be studied in Chapm 6. Sice the phosphate remwai in the fluid'izsd bed k g d y  

dcpmds on -011, this proces wil1 be fuither sîudii in Qiapters 4 and 7. Loatl 

f luidiion characteri8tics wiil be umsidered in Chapter S. 
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CHAPrER 4 

KINETICS OF NUCLEATION, AGGREGATION AND BREAIGîGE OF 

CALCRIM PAOSPIIATE 

Calcium phwphate precipitation from a clear solution was studied in conönuous and 

baîchwise set-ups. An amorphous modincation (ACP) was formed first anti renysialliacd into 

hydroxyapatite. ACP formation was eompleted within 0.5 s or Less, and consisted of 

nucleafion by a homogeneous mecbanism, moleeulargrowth, aggre@m and breakage. After 

this period, nucleation and rnolecvkt growth became negligible, but the pariicle size 

dislribution was htthe~ mcdiied by aggregation and breakage up to predpitation times of 

30 s. The Irinetics of nudeafion were esîimated and those of aggregation and brealtage wete 

demibed by means of a mathematicd model bas& on the mom- of the pardcle size 

dinuibution. nie aggregation rate demeas& with the pH and increased with the m c l e  size. 
The breakage rate increased with the energy dissipation rate. 

In Chqter 3 the basic proceses owurring in a fluidized bed for phosphate removai were 

identified. It was found that primary patticles of amorphous caicium phosphate (ACP) 

precipitate at the bottorn of the reactor and subsequently aggngate with the gnins in the 

fluidized bed, thus eontrihuting to the phosphate removai. If optimization of the phosphate 

removai is to be aohied, the formation of pdmary particles of ACP must be wel1 

understwd. 

Much has been published on the sûucture of amorphous calcium phosphate as wel1 as on the 

W c s  of its transformation to more sîabb calcium phosphate modificah'ons. However, there 

is a la& of information on the W c s  of ACP prcdpitation wiîhin the timcscalcs of intCrest 

in a f l u i d i i  bcd for phosphate removal. In this chapler &e mmcchanisms and the Linetios of 

the elemcntary proowuies during ACP precipitauon from clear mlutions w m  thus studied. 



The elementary proces= wnsidered were nucleation, molecular gmwth, aggregation and 

brealrage. 

Batchwisc wperiments were perfonned to study ACP presipitation for residence times equal 

to or larger tban the hedence time in a fluidiasd bed for phospbate removal (-200 s). 

Furthemiore cantuiuous experiments wen applied to shdy the precipitation for residence 

times as low as 0.5 s. The experimmtal set-up for the mtinuous experimenis wnsisted of 

a non-seeded mixed suspension, mixed product removal reactor (MSMPR) placed u p s t m  

of a plug flow reaetor (PFR). In the MSMPR primsry nueleaöon. growtb, aggregation and 

bnalage of the particles ta!ce place. In the PFR, nuclealimi and growth are negligible, so that 

aggregation and brealage are isolated and *ui be more eariiy studied. A simple mathematical 

model for the irinetics of aggregation and breakage in a PFR was developed. 

4.2 MothenurnCd model for aggmgotion and B h g e  in 4 plug &w redetof (PFR) 

When calcium phosphate. is allowed to precipitate in a mixed suspension, mixed product 

rembval reaeior (MSMPR) plamd upstream of a plug flow reactor (PFR), in the MSMPR 

four elementary proeases take place simultaneously but in the PFR only aggregation and 

breakage proceed. In this section a mathematical model is presented for aggregation and 

breakage in a PFR. The MSMPR is not modelled, bul is merely considered as a source of 

freshly f m e d  particles that are fed to the PFR. The mathematical model is based on the 

moment transformation of <he population balanee ( d o n  4.2.1) coupled to the kinetics of 

aggrmtion (seetion 4.2.2) and breakage (section 4.2.3). A model summary is presented in 

sectiai 4.2.4. 

A plug flow reactor at steady state is considered, fed with calcium pkosphate particles fteshly 

formed in an MSMPR. Tbe residual supersamration in the MSMPR is low. The particles in 

the PFR thus undergo aggregation and break%@. but RO fíniher nueleation or growth. The 

papulation balanec and the respeetive boundary d i t i o n  are given by 



where r repmmis îhe prwiptation time (t, at the inkt), L îhe p&le size, n îhe population 

density, B and D îhe b i  and de& functions for tbe aggngation and bnakage. The 

diffgeace B, - D, npresaita Uie aggregaîim function and B, - D, the brcaiage funcîion. 

The precipitation time is calculaîed from the superfuai velocity (v& and the anial psition 

htheFTR&)as 

t - % / V ,  m 

The momeat msformation of eq.(l) is cbtained by multiplying all of iis terma by U dL and 

intepratinp from O t0 a (Randolph mi nd, [ITI): 



The p* moment of the distribution m,(r] is defuied by aq44). nie t ermg,  - 

qmts the rate of change of t h e p  moment of the particie size distrihutton (PSD) due to 

aggregatim. Similariy, q - 5 represmts the mie of change of the f l  moment of the 

PSD due to breakage. Through thc moment transformation, the population balance, which 

is a uogle equation wiîh two independent variables ([,L), is Mibstituied by a sd ofp equations 

wiîh only one indepndent variabie (r). 

The particular fonns of the birth and death functions B,, D,, B,, D,, (which afkr the 

moment transformation give the funcöons B;;, q, q, q), depend on the speciñc 

aggregation and disniption models chosen. These models are presented below. 

Hulbutt and Kaîz [8] propased a population balance model for aggregaîion assuming: (I) two 

body aggregatim; (ii) volume cony:rvation. i.e. fhe volume of 2 particles before and after 

aggregation does nol change; (iii) constant volumetrie shape factoc (iv) the frequency of 

successful collisions beiween the particles of volumw v and v' is proportional to the product 

of their population densities - a successful cdlision is one which effsctively leads to an 

aggregate', (v) the proporrionality factor k, (aggregation kemel) is size independent. 

Unfomioately the method only gives a soluhon for the p, 2". ... , (n+3)0 moment of the 

disuittution. FM the P and 3" moments they give 

Sine the 3' moment represmts the tomi volume of the partieles, eq. (7) is consistent with 

the hypothesis of volume confervation. 

In order to W n  equations simih to eqs.(ó) and for ail the moments (8, l*, Z*,...), 

we nfer to Hounslow and co-worken m. T h y  considered aggregation with a size 



independent kemel in a batch sysïem. The initial PSD was assumed to be repnsented by the 

fobwing exponential function: 

where N, and v, are arbítrary mnstants. Thcy aalved the population balance for a batch 

system without bnalrage and deivrai the foiiowing expression for the mommts of the 

d i i b u t i a  as a functia of time: 

Diie-rentiation of this cpuation with respect t0 time provides the wand aggregation rates 

in a plug flow reactor: 

The aggregation rates f a  the Pand 3" momaiw coincide with eqs.(6) and (3, aa expecteá. 

An impiicit assumption in eq. (10) is that no pmcess other than agpepaüon rakes plm.  

Randolph [IQ proposcd a wo-body breakage model which assumw that the death function 

of a parücle with size L is propoRionai to its population denmty and to the power s of the 
parücle sue: 

Here a vdue of l is assumed fot s. The breakage deah function assumes a negügibie value 

for vey smaü particles. Fwther assuming equal-volume breakage, a relation between the 

death and birth funaiions can be derived 



By assuming that the particle volume is wnsefved in the dismption process. the value of c 

in q. (13) is 2'O. The moment transformation of eq.(l l) and (13) is derived as 

- 
B , )  -  LP . 2c . D,(t,cL) . dL 

Subtracthg q. (15) fmm eq. (14) and using eq. (11). the breakage rate is obfained. F a  c 

= 2"ands = l ,  

- 
B&e - D+ - (2I-H - l ) k k m p l ,  p-0,12 . .  (16) 

When p=3 the nght hand side of eq.(16) vanishes, so the 3" moment of the PSD remains 

wnstant during brealrage, wnsistent with the hypothesis of volume eonservation. Equation 

(16) must be sulved for a finie number of momenis, i.e. this equation must be tmncated in 

the d moment of the PSD. In order to solve q. (16) for the f' moment, inrormation about 

tbe @+lp moment is required. Therefore, aa additionai closure equation relating momenis 

of different orders is needed. Hulbun and Katz [8] pre~wited such a relation fa PSD's that 

can be representad by a Laguerre series. However, if eq. (16) is uuncatad in tbe 3" moment, 

the use of this equation can be avoided sinee m, is jusi the volume fraction of solids and is 

thus a knmn wnstant (independent of m3+,). 

The mathematieai model for aggre$ation and b-e in a PPR is abtained by wmbining 

q s .  (3),(10) and (16): 



The model assumptims can be summarized as: &y siate; ideal plug flow; negiigible 

growth and nudeation; arbitrary PSD (solution for 0th and 3rd moments ody) or exponenaal 

PSD (solution for Od, l", Zd and 3' moments); volume COIISerVing, two-body, sim 

independent aggregation; volume cniserving breakage; breakage into two equally si& 

ítagments; breakage rate pmportional to the patticIC; size. 

The model Inputs are the moments of the PSD at the PPR inlet (boundary eonditions), 

whereas the moments of the disîribution as fwcuons of time are its outputs. The ag$regation 

and breakage kemels, k, and h, are îhe adjustable model parameters. 

The reagents U& were chemica1 grade CaC&.6&0, Hm,, NaOH and d e m i n e d i  water 

with a conductivity lower than 1 @/cm. An aqueous solutim of H,PO, having its pH 

adjusted to S with NaOH (P solution) was allowed to reach thennal equilibrium (ZSf 0.1 'C) 

in a 1.6 1 jaeketed glass reactor. At the stat? of îhe experiment O.M5 l of a calcium chloride 

solution (Ca solution) was pipeüed into the reactor. The compositions. volumes and pH of 

the P solution, Ca soluîion as wel1 as of W r  mixture are given in Table I. 60th sohtions 

had been passed through 0.22 $m filtas to remove di particles which otherwise would act 

as heterogennis nuclei. A caitrifupai pump provided the mixing of rredtaats through extemal 

recirculatiw of the vessel contenis. Both unfiltered aad filtered (0.45 pm) samples were 



taken regularly fmm the reactor and a@alyzed for the concentrations of the elements d i u m ,  

phosphonis and calcium by induatively coupled plasma - atomic emission spectroscopy 

(Speotro). The particles were aoalyzed under a transmission eleclron microwpe OZM). The 

pH was mtinuously recorded. 

Tabb I Prccess conditiais of the batch experiments. (l' after preeipitation 

Volume 
(1) 

Cmc. P 
(kmolm") 

Cmc. Ca 
(kmol~n.~) 

The expenmentai set-up consistcd mainly of a mixed su~pension, mixed product removal 

r m o r  (MSMPR) which outlef w connecred dimtly to the inlef of a plug flow reactor 

(Pm), as schematically shown in Figure 1. The MSMPR was a perspex cylindrical recipiait 

with a & i  of 0.025 m, a height of 0.020 m, a useful volume of 0.004 1, provided with 

a propeller-type glass impeller (160 - 2000 rpm) with a d i  of 0.023 m. The PPR 

wnsisted of a PVC tube with an intemal diamem of 6.10' m and a variable length (0.2 to 

20 m). 

The reagent< used were chemical grade CaC1,.6H20, H,PO,, NaOH and deminemlized wam 

with a wnductivity lower than L gSlcm. Calcium phosphate precipitation was performed 

wntinuously by feeding an undarraturated soluikm coniaining the ions Ca2+ and PO,*, a 

nadium hydroxide mlution as wel1 as a dilation wam stream into the MSMPR. The flow 

ratear and wncaitratkms of the streams entering the MSMPR for al1 experiments were such 

that the phosphate and calcium concentrations after mixing of reacfaots were 1.6.10' kmal. 

mS and 4.8*1U3 kmolm". The flow rates and meentrations for a typical expenment (exp. 

nr. NOl60) are shown in Table 11. In some experiments (sce below) the flow rate of the 

sodium hydroxide solution or the toral flow raïe was adjusted to give the desired pH M 



-re 1. Experimenîai set-up: MSMPR (l), PFR (2), fdter for sampling (3), PSD meter 
(41, pH meter (S), storage vessels (6) and petistaltic pumps 0. 

m r g y  dissipation rate in the PFR, respectively. 

The flow rates and concentrations of al1 sueams entering and leaving the reactor were 

measured. Unfdtexed and filtered samples were regularly talen h m  the MSMPR outlet as 

wel1 as from the PFR outlet. Unfdtered samples were ~Uected by pouring the totai flow into 

a sampling recipent whereas filtered samples were wllated by placing a 0.45 pm filter in 

a s y ~ g e  and suctioning dircetly from the outlet strem. This fiitering procedure led to 

filtration times as low as 0.3 s. The concentrations of the elements sodium, phosphate and 

calcium wem measured by inductively ooupled plasma - atomic emission spectroscopy 

(Spectra). The carbonate concentration in the NaOH solution storage vessel was also 

measursd (acid-base titration) to arisure that tbe totai carbonate level in the reaction medium 

was below 0.2.103 k m o l d .  The. padcle a h  dishibutim (PSD) of the product was 

measured in line with a laser diffrdon technique (Coulter LS-130). Paaicle sizes between 



0.1 and 800 pm wuld be meawred in this way. The mirknce time of the suspension in the 

PSD meter was 1.6 s (calculated for a superf&d velocity of 0.667 mis in the PFR, which 

mrresponds to an energy dissipetion rate of 1.0 W.&' in the PPR calcuiated as show in 

4.4.7). The pH at the PFR outlei was m r d e d  wntinwusly. The particles wen 

analyml under a transmission eleetron microscope (TEM). The samples were prepared by 

placing dmplets of tâe suspension upon carbon eoated pids and removing the excess wawr 

with a tissue paper. The samples were then airdried and plsced in thq TEM. 

Tabk II Proces wnditions for the mtinuous experiment N0160. 

Ca, P solution 9.3 3.2.10' 9.6- 1U3 
NaOH solution 0.2 - - 0.26 
wam 9.1 
mixture 18.6 1.610~ 4.8.10' 3.0.10' 

The impeller rotation spead in the MSMPR, the Mal flow rate (exprersed as the enagy 

dissipatioo rate in the PFR), the NaOH iìow rate (expressed as the outlet pH) ánd the 

pmipitaîion úme wae vaiied as shown in Table m. The preeipitation time was v&ed by 

chmging the length of the PFR. 

At the inla of the MSMPR the precipitation time was arbhrily choxn as t=0. 'RE total 

preeipitation time (t) is defined as the sum of the residenee times in the MSMPR (0.2 s), in 

the PFR (vatiahle) and in the meauring device. The lattet was either the film (0.3 s) or the 

PSD meter (1.6 s). The time intervals jurt mentioned refer to a superfícial velocity of 0.667 

mls  in the PFR (with a comqonding energy diiipation rate of 1.0 W.kg-' in the PFR 



Table ïlï. Expimmtal eonditions f a  the MSMPR-PFR sysíem, kineîic parameters f a  
eggregation and brcakage in the PPR Ik, and ka and dme-volume9vaaged siza G,,). 

nie  supmaturation is defined in t m s  of ion a&vitias f a  the precipitaiion of ACP d t h  

a chemica1 fonnula &(PO,h and a solubiity K,: 

The supersaîuration was calculand from the measuments of the soiutim mmpositimi witb 

the model f a  the equilibrium in the liquid phase presaited in Chapter 2. 



The tem prìmty partlclle wiU be used for a partiele f o n d  exclusively by nucleation and 

mal~cular growth. The d i d  d t y  p'oduced by subssquoat aggqation of primary panieles 

is simply called a p t l d e .  

4.4.4 Gmwh me and awrage panieIe size 

The growth rare (0) is defuied as 

where L is the paniele size. Fm the growth rate of prímary pariícks, Lg- should be wed 

insacad af L. The average &le size L,, is demiai in terms of the moments of the PSD m, 

and m, as 

L,, - (m/m)'@-* (20) 

where tbe valuea of i and j detemine the type of averagc. îñe number-averagai partiele &e 

(Lt,& the volumeavecaged paniele size (L+J and the volu~numberaverage size (L ,d  were 

used in this wmk. 

The conversion (a repment8 the fraction of phosphatemtering the reactor that preciphtes. 

It ia dained as 

where c, is the total phosphate concentration in the MSMPR and c,, is the dissolved 

phosphaie concentration at the wtlet of the PPR. The umvmon is within íhe range O to 1 

and dependm on ttie amount of base added as wel1 as as the pncipitation time. The 

conversi0n is exclusively assoeiated with the elanentnry prnasses nuckation and molecular 



growth, that detexmine the phoaphate msumption from the solution. 

4.4.6 M<wsrenw of the PSD 

The moments of the PSD were dcuiatcd from tbe volume b a d  histogram vol%, verma L, 

(output of tbe PSD meîer) anti ~IW îiîe conversion by 

h e r s  I indirates the size sub-mge. k m ,  is îhe volume fraotion of paaicles, WW each 

pa& is an aggrekate of primary paröclea. The number of P atoms in me ACP molecule 

b, is 2, the molecular weight of ACP mw, is J10 kghnot'. The density of the ACP 

particlea p,, which are aggregafcs containing mtrapped waier, is aitimated to be XlOO 

kgm-' and îhe volume shape factor 5,116. 

Bq. (23) can dm be used to dculate the volume fractiw of primary particiea n?*-, by 

substinition of p, by p ,  ,. The lattes can be taken as the dmsity of ûidcium 

phosphate (3140 &m-?. 

The en= disaipation wte E, alm called mixing intensity, is dcfined as the power input per 

unit mass of fluid. Fa a PFR, E is directly reiatcd to the ppressure drop CAP): 

AP .v, 
E - 

LR ' P f  

Stnctly, the actual fluid velocity (v*Jporo,ity) Phwld be used ia the eqiiatim above, but for 

diluted suspensinw túe differaice bcswsea the actual and the SU- velocity may be 



n e g W .  The pressure drop for a PFR was caicuiated from &e Fanning cquation [IS] with 

friction faetors of 0.0097, 0.0091 and 0.0088 for the ihree mperñciai veloeities used in the 

erpetiments (0.667, 0.83 and 1 mh): 

For an MSMPR, the energy dissipation rate was estimated from the following correlatia for 

Mxed vessels [IS;]: 

where N, Is the power number (dimensionless), whích Por propeller-type impeilers assumes 

a dw.  of 0.9 1151, N is îhe agitator rotation speed (r1). D, the impeller diameter (m) and 

V ihe usefui volume of the MSMPR (m3). 

Batch expiments were perfmed in ordn to study ihe ACP pracipiîation at timeseales of 

ihe Same order of magnitude and longer than thw  fouad in a fluidizal bed for phwphate 

removal. The main features of the precipitation process as wel1 as an estimaie of the 

solubiiity of ACP are pmmìted in this &a. 

4.5.1.1 Stages qf caleim phosphore precipiwion 

Calcium ph~sphate forrned in a batch reactor from mlutions with Ca and P wncenmtions 

of 4.5.103 mand 1.5.10' kmolm' as wel1 as a pH of 7.25 (measured aftw the fint 

preeipitation stage at a time of 15 s) was amaphous from x-ray as wel1 as eMron 

diffraetion with a CalP molar ratio of 1.48 1 0.01, in a p m e n t  with earlíer investigations 

[1,4.5,10,13,19.30,~. The pdmry particla obmed u& a TEM were spheroids with 



diameters of 2-10' to 5 . W  m simüar to those observed elmhere f11,12], as shown in 

Pigure 2. The particles appear as the dark areas in the figure and are sühgs of aggregated 

Amorphous calcium phwphate (ACP,) is 

me2aatable and undergoes solvent medialed 

recrys-on into hydroxyapaüte (HAP), 

which is the thermodynamidly stable 

modificaton. The pncipitatim of ACP and i@ 
recrystalhtion wem followed in a bateb 

nactar by mcasuring the conversion, pH and 

CalP molar ratio of the particlas with time as 

shown in Pigure 3. Three main pipitation 

stages were identifiul. In the fisat stage most 

of the ACP precipiíated as the convexsion 

i n d  from O to 0.21 within 20 s or lesr. 

In the second stage the residual supersaniratim 

Figum 2. TEiM view of A B  particles with respect to ACP was wsumed as the 

frpahly in a pH conversion increased gradualiy up to 0.23 at 7.6. D& areas are ring8 of aggregated 
primary ACP particles and light a m s  the 300 s. In the third stage subsrantial HAP was 

b&C*Und. mqhology was f-4 as the conversim rapidly incred  up 
found for particles from a plug flow 

The deveiopment of the pH fokwed the conversion: an increase in wnversian was always 

mmpanied by a danrase in pH. mis  decnase m pH was consistent with îhe. chemical 

equilibrium of the soluüm: as POF ionsvanished from the solution due to pipitatiai, part 

of the hydrogenated phosphate ians or complexes (HFQhi, CaHPO,', etc) dicrsooiaud to 

repldsh the solution with PO,* ions. In this process, H* ions were li- to the solution, 

* ! h g  the obscmed danrase in pH. 

The CzJP of the particles iacnased, indieating that some recrystaüization int0 üAP was 

alnady talang place after the w l y  stages of Pranpitalian. mis  incrrace in W P  ratio of the 



time (s) 

particles can als0 be auributcd 

the ocumence of stnicmral 

changes in the ACP [3]. 

ï ñ e  CalP ratio of the panicles 

after wo0 s was l.60, smdler 

Uian the value of HAP (1.67). 

mis  value is eonsistent with 

KX) that of a calcium deficient, 

paorly crystalline HAP, which 

is known to be formed upon 

1.7 recry~ialiiition from ACP 

E [2,12,13]. The CalP ratio and 

crystallinity of HAP further 

E inciease after longw penods as 

9 1.5 I ripening of HAP proceeds [l91 
C (na  investigated). 

1.4 
4.5.1.3 Soiubiliry product of 

1.3 A CP 
10 100 lW O  l Usualb dubility measwements 

time (s) 
(b) are made by allowing 

equilibration beween the wlid Fiym 3. Conversion (al, solids CdP molar raio @,i) 

and pH @,A) as functions of time in the batch reactor. aod the ~~lution.  This procedure 
Total coneentntions in mmolel-l: P=1.5. Cax4.48 and ,nMbampplied ACP, since Na-2.86. 

HAP before equilibrium is reaehed. Hewever, an estimate of tbe solubility of ACP may be 

made by muming tbat ACP reaehed equilibrium just before substantiai HAP precipíítion 

startal in îhc b&h exprnaent, i.e. at 380 s in Figure 3. Sinoe the convenion changed 

nepiigibly for times betwcen 20 and 300 B (i.e. during the saeond stage of preeipiation), b 

estimaîed wlubility is Likely to reprusent wel1 the prcdpitation of ACP ui this time range. 

Thus, from tbe soluticn wmpsition at 3M) s, the solubility product of ACP (assumed m 



have the chemicai formula Ca,(po,h ) was nrpenmwitally detemhd as K, = 3.10n 

k m ~ l ~ ~ n r ' ~  (baud m aclivities). 

In order to validste the 

proeedure above, K, was used 

to prdict fhe wnversion in the 

MSMPR-PFR for $everai pH 

values  and assuming 

equilibriumat the reactor outiet. 

The caiculated wnversion 

agreed reasonably well with the 

measured conversion for a 

precipitation timeof2s,asean 

in 4. -3 K -re 4. )?quiliúrium (X) and measured (A) conversion 
 we^ found to repremt well the as fwicîions of the measured pH for a precipitation time 

of 2 s in the MSMPR-PFR. 
wnvasim in a f l u i d i i  bed 

for d o u s  calcium and phosphaîe wncentrations (Chapter 2). Thdm, the K, value of 

3.10n kmo15.m-'' can he be to predict the conversion when a reactor is fed with S O ~ U ~ ~ O M  

of atbitrary cnnposition. 

Continuous experiment8 were perfomed in order to síudy the mrly stages of ACP 

@pitation (0.5-30 s). Firstly the main featurea of <he @pitation proeess are mmpared 

to the results obtained with a batch reactor. Next the elmientary processes (nucldon, 

moiec.uk gmwth, aggngatim and breakage) in the MSMPR and in the PFR are identitied. 

'iñe absence of nwleatim and growth in the PFR is demmJtiatcd and the sensibiity of al1 

elementary proccsses to the chemicai and hydrodynamio conditions in the reactor is shown. 
Fiaiiy, each of the elementuey p m s a  are separately considexed in more detail. 

4.5.2.1 Eariy stages ojACP piccipir<uion 

The product obtaincd from soluîions with Ca and P cancentrations of respectively 4.8.10' 



and 1.6. lW3 k m o l d  as well as 

pH values between 7.1 and 10 

in an MSMPR was similar to 

that fnrnd in batehwise 

operaiion. Per some samples 

the x-ray diffraciion showed a 

low crystaiiinity mathal with 

wide peaks that matched those 

of HAP and TCP. A mixture of 

an amorphous and crystalline 

material was found under the 

TEM. It is not clear whether 

this crystalline material was 

formed in the reactor or during 

the drying promss. 

-0.2- 
O 5 10 15 20 25 

residence time (s) 

Figure 5. Conversion in a MSMPR-PFR as a function 
of time for measured outlet pH values of 7.7 (A),  7.2 
(i) and 7.1 (D). Exps. CONV7.7, CONV7.2 and 
CONV7.1. Residence time=O at the MSMPR inlet. 

Figure 5 gbews the development of tke conversion with time in the MSMPR-PFR for 3 pH 

values. Typically, the conversion incrraoed abniptly at the beginning of the precipitation 

process ( h e s  of 0.5 s or las) and then f u r t k  inrreased slowly. These results are consistent 

With the first md n d d  precipitation stages observed in the bateh reactor. If the pH waa low 

enough, howevw, an induetion time of a few seem& preceded precipitation. 

4.3.2.2 EtemMIary prwesses in !k M S W R  

Nudem'on md molecular gmwth of ACP twk plaee in the MSMPR, since a non-negligible 

conversion W measured nght at its outlet (Figure 5, ex- for a pH of 7.1). For most 

experiments, the PSD at the MSMPR outlet had the typieal fom shown in Figure 6. Very 

large partides (- 100 ym) were praduced in a short precipitation time (2 s, which is the 

residence time in the reastor plus in the measuring device), sa the mmesponding apparent 

gmwth rate, of - 106 mls. was much higher than that of slightly soluble compounds. 

Thetefore €he large particles produd in the MSMPR must have been fomed by 

aggregrrtton. Ernakage is likely to have occwrred in the MSMPR as well, as suggested by ttie 

lwse smidure of the particles (ach particle is a large aggregate of the primary particles 



Fíre 6. PSD at the MSMPR outlet for various 
impeiler mtation speeds (rpm). Exps. NO160 to N2000, 
pH=7.8, preciptation time =2 s. 

L (mxle6) 
Figure 7. PSD at the MSMPR ouîiet for various pH 
values. Exp. PH7.5 to PH10. Rotation speed =750 
rpm, precipitation time=2 s. 

show in the TEM view, 

Ftgure Z), by the large pariicle 

sizes @reakage is usually more 

intense f01 large paröcles) and 

by the high energy disipation 

rate h the MSMPR (- 3 Wkg- 

l). Breakage did oceur in the 

PFR (see below) for particles 

sizes of - 100 pm and mixing 

intensities of - 1 to 3 W1Sg1, 

thus comparable 10 those in the 

MSMPR . 

The PSD at the outlet of the 

MSMPR (-2 s) shifted towards 

larger sizes as the mixer 

rotation speed increased 

(Figure ti, exp. NO160, NO400, 

N0750, N1000, N2WO). The 

Same occurred when the pH 

increased (Figure 7). Therefore 

the elementary processes in the 

MSMPR were sensitive to both 

hydrodynmic and chemica1 

condirionr. 

4.5.2.3 Elemenfary pmcesses in the PFR 

Hardly any conversion occurred in the PER, as Figure S shows, so that molecular gmwrh 

was also negiigible. Figure 8 (exp. E1.O) gives the PSD in the PPR for various precipitation 

times. The precipitation time of 2 s corresponds to the PFR inlet (MSMPR ouîiet plus 

residence time in the measuring device). The paaicles increased in size between precipitation 



times of 2 and 5 seconds, showing that aggfeption was the dominant process. After 5 

seconds the PSD shifted to smaller sizes again, indicating that breakge became dominant. 

Breakage was nol effectwe fw the smallest particles, h c e  particles smaller than 10 wm were 

not detected. This observation indicates that the equd-volume breakage model aúopted in this 

work is more adequate than atuition modeis. Th absence of particles smaller than 10 pm 

also indicates that primnty nuclearion did nat play a rofe in the PFR. Therefore the only 

processes takipg @ace in the PFR were aggregation and brdage.  

The aggregation and breakage 

in the PPR were sensitive to 

hydrodynamic conditions. For a 

low mixing intensity (1.0 

W.kg-L) the PSD behaved as 2 
explained before: first the PSD 2 

shifled to the right and then to 

the left v ~ g u r e  8). As the 

mixing intensity in the PFR 

increased fmm 1.0 W.kg' to L (mx lee) 

i.8 W.kg-' shift lhe Fieiire 8. PSD in the PFR fur vmious oracioitation - . ' 
nght in the curve PSD-time times (s). Exp. E1.Q. Rutafion speed =750 rpm, mixing 

intensity PPR = l  Wkg, pH=7.8. The PSD shifts fust 
bu?ame les' pmunce$ Inot to the nght (due to agkn:gation) and then to the left (due 
shawn). A further i n m a e  in m breakage3. 

the mixing intensity fo 2.9 

W.kg-' rssultd in an initial shift in the opposite di i t ion,  i.e. towards smaller sizes 

(Flgure 9). 

4.5.2 4 Molecular growth 

Molecular gowth occurred mainly in the MâMPR. For this type of reactor, the growrh rate 

of the primary particles (G), the number-avemged pneiary @de size [L,,,,-) and the 

residcnce time (0 are relatul tu each othm as [6] 



was estimated ar Ll,mrY 

-2.106 m fromTLIM viewsfor 

a residencc time of -0.5 s, 80 

cq. (27) givea a growîh rate of 

mts. 

4.5.2.5 Nucieation 

First it wiü be shavn that 

nucleation in the MSMPR is 

W y  to proceed by a L (mxle6) 
h ~ e a ~  mis 9. PSD in îiw PPR fn. vaious @pitation 
îhe number conccatratim of times (s) and for a high mixing intaisity of 2.9 W.kg'. 

Exp. ES.9. Rotation speed =750 rpm. pH-7.8. The 
wcles PSD shüîs oniy to the left (dw to breakage). 

produced war much larger than 

the concentration of 
hetemgenwus nudei d y  found in solutions. An estimate of can be obtained 

h m  eq. (W, 

It can be easily demonstrated from îhe theory of an MSMPR [ln that 

4.0* - 3 . G . t  

L - a . t 
Substitution in eq. (28) &vei 



The number-avemge4 piimary particie size L,,@- was dnaued fmm the TEM views as 

2.10' m. The 3" mmmt of the disiribution m$,, was dculated from eq. (23) with the 

pnmary particle dmity p,,- instead of the partide dcnsity. The vdue of tricalcium 

p W a t e  was used fot PA,. , , 3 140 kgm3. ~ t h s r  conditions were LW inkt phosphaie 

eoncentration c, of 1.6.103 k~nokm.~, a wnvetsion X of 0.5 and a pmipitatíon time r of 

0.5 s. Equation (30) thus giws a primary partiele number cancenaation m,,,, -2.10" 

#mJ, mwh higher t b  tha concentration of hetrrogenous nuclei of 10" to 10" km-' 

(Walton, [23]>. Tlrc nueleation kinetics can therefare be 4mated assunnng homogenous 

nuckation. 

Nielsm 1141 gives ihe following expresUw for the Ioneo'os of homogeneous nucleafion: 

The theory of homogeneous nucleation dm gives a dation fix the critical nucleus size: 

If #e nucleation raie J and the mmspomiing supersaturation @ defined in q. (18) 1 are 

experimentally determipod, (hen eq.(31) can be used m calcalate the cluster surface tension. 

This parameter is independent of tha supersaturation, so the nucleation rate for any solution 

composition can be predicted. 

A meîhcd to dculate nucleatíon rates from inducîion time measuremenu in u d e d  

preçipitation has been proposed [9,21,22], that is b& on ihe assumptions of constant 

gmwth rate and on pmgressive primary nucleation ratc. This leads to 

where the induction time Iw is defined as the time needed fix the formation of a deteuable 

macroscopie volume fraction k;??!*- of îhe new phase. Eq. (33) can be used for the 



conditions of experiment CONV7. l, when Tnble ff. Pro- conditions and parameters 
used in the equation for primq nucle8tioli. 

an induetion timet,ofS s wasobsemed 
- 

(jee Figure 5). Fmm h e  process conditiûns 

and panmcters shown in Tablc IV and cm 1.6.10' h0l.m' 
D 109 mZ.rt 

fm eqs. (W) and (33) an exp"men$l d- ('KP) 6.79.1U'0 m 
nucleation rate J of 10'' was G (MSWR) -4.W m.$ 

k r16 - 
k, (sphercil) 16.795 - 
mwm 310 kgyk~nol-~ 
V& 1.64.10L< m3 

The experimentally detemùned nucleation T 298 K 

rate of l@* #m.'.s1, the mmsponding X 0.03 
B 1.04 - 

supematuration of 1.04 and the data. of b, 2 - 
Table IV weze inserted ia eq. (31) to gíve ~ncr.phr, 3140 @m" 

a cluster siirfaoe fension a of Zü.27 mJm2. 

Sincc îhe pre-expniential tem in q.(31) varie8 little with the supersatuntion in companmn 

with the exponaitial term, it can be assumed to be constant. The exprcssion for the 

nuclearion of ACP Lhea, beumes 

The exprenion above is consistent with the experimenul resulu of LunQger Madsen et. al. 

[lol. However, they caluilsted a surface tension of 81 m J d ,  much higher than the value 

found here. This disrepaney was mainly caused by the diffmt aswmptions made in the 

calOulations (mainly the defmition of the supersaturation and the assumed mlubiity of ACP), 

and not by the differente in the experimental resulrs. 

The cluster surface tension and the supersahiration were nent i n e  in eq. (32) to give a 

radiis of the criticai nucleus P of 1.6.109 m, which co~~espond~~ - 13 ACP molecules. 

4.5.2-6 Aggregorion and breakage 
It has been shown that agpgation and brcakage ocour in both the MSMPR and in the PPR. 

In the PPR, these are the only processcs takhg place, so that a quantitative analysis is 

possible, based on the mathemahl model preseoted earlier. The anaiysis was made in tems 

of the deveiopment of the moments of the PSD with time. 

- 93 - 



residence time (s) 

(4 

residence time (s) 

10. Normalizal cd (a), 1" (m) and 2@ ( r )  
moments of the P6D as furictions of time for 160 rpm 
la) and 1000 rpm @Q. Exp. NOt60, N I W .  Data peints 
are exp. values, lines d e l  predictions. 

Figure l& shows the momenti 

of the PSD as funaions of time, 

n o d i z e d  with respect io the 

mommis at the inlet of the 

PFR. Typically an abrupt 

decrease of the measure4 

momuiti m,. m, and m, mok 

piace witliin a preeipitation time 

of 5 seconds, followed by a 

rlight increase which conrinued 

up to the longest precipitation 

time studied. Sin= aggregation 

c a w s  a reduction in !he 

momenis m, m, and m, 

whereas brealage causes an 

increase, the variation of the 

momsits with time provides an 
interpreiation of the prmeses 

in the PFR in a way similar to 

the anaiysis aiready presented in 

*tion4.5.2.3 which was based 

on the development of the PSD 

with time. 

The model parameters, k, and 

k, were adjusted t0 the 

lneasured rnmenu of the disbibution and the resulis are shown in Table In. For given 

process mmlitions ( i e t  PSD, pH and mbing intensiîy in the PFR), one value for k, and 

one for k, were chosen for a c h  set of moments m, m, and m, and for al1 precipitation 

times. In g e a d  a good fit of al1 the 3 momenis was obtained (Figure 10a). but sometimes 
large dwíarioas in m e  of the moments oceunal (e.g. m, in Figure lab). 



nie impeiier rotation speed in the MSMPR was varied in experiment8 NO160, N0400, 

N0750, N1000. N2000, i.e. tbe moments of tbe PSD at the inlet of the PPR were. changed 

(at higher rotation speeds tbe patücle size at tbe inlet of tbe PFR was larga). Since only the 
inlet condition of eq. (17) changed, the &on and breakage p a r '  are expected 

to remain constant ihroughout these expcsiments. Indeed, the breakap parameter remained 

appmximateiy constant, but tbe aggregation pamier increaaed with the rotation s@, 

i n d i  that aggregation incrrases witb tbe particie sire. It is unlil<e?y that the ruiidual 

supcrsaturation at the outla of îhe MSMPR, which may have varied wiîh tbe mtation speed 

in the MSMPR, affscted the aggngation rate. As the mUer speed is i n d .  a lower 

reaidual supmuituration is ex- and therefore a lower b, mtrary to the observed kml. 

The ewgy dissipation rate in tbe PPR was v& in experimenu E1.O, E1.8, EZ.9. The 

breairage parameter increased with the energy dissipation rate as expected, but the 

aggregation parameter decreased. If ahokinetic aggregation W considered, k, is expected 

to increase with th% mixing intensity because of an enhaocement in the particles wilision 

frequency. ff pen'kinetic aggregation is assumed, k, should be independent of the mixing 

iníensity because the collisions are caused by bmwnian motion withui tbe eddii in tbe 

turbulent field. The obse~~ed varktion of k, with h e  mixing intmsity *ui M o r e  not be 

explained by either of the two aggregation mecliaaisms. It is possible that k,, varied with the 

panicie size, whiih was not constant throughout these experimenu. This possibiity is further 

explored below. 

The observed variation of k,, vkth the mixhg intensity in the PPR as wel1 as with the inlet 

conditions (exp. E1.0, E1.8, E2.9 and N0160, N0400, N0750, N1000, N2WO) may be 

explained h m  its dependency on îhe volume-averaged particle sim (L.J. In Figure 11 tbe 

aggeg~tion rate constant k, for each expcsiment is p W  against the timeaveraged L,, 

value. 'Ik time-avera@ particle size was chosen because tbe rate constana are bascd on 

integral measurement8 wer the F'FR. At a pH of 7.8 then W a Iinear cmrelation between k, 

and L,,, in conhadiction with the adopted assumption of sim independent v t i o n .  

I Beeause of tbis conhadiction, a different approech is foliowed in Cbapter 7, where an 

impiicit size dependent aggngation constant is introduced based on a general physical model. 



Fmn 11. Agpregatim rate constant as a function of 
the timeaverap.ed d e l e  sUe for a pH 7.8 P, exp. 

Table IE shows that the 

aggregation rate constant 

incrcarcd as the pH decreased. 

The rwson for this behavim 

mighl wel1 be in Ihe value of 

!he a-potentiai of the 

particles, which strongly 

depends on the pH level and 

which should be close t0 zero to 

lead to a maximum in h e  

aggregation rate consiant (this 

holds for both orthokhetic a d  
El.0 to w . I ~ , N o ~ ~ o  to N2000) andfor varying (+, =regation), 
exp. PH7.8 to PH8.6). A linear relationship exisu for 
pmts at a pH=7.8. synthefic hydroxyapatite the 

zeta-potential equals zero at a 

pH of 7 [H]. The value for ACP is not known. 

A f l u i d ' i  bed for phosphaîe femoval contains, beS1de8 primary particles. large sand grains 

of - 500 pm, sa the following elementary pmrespes take place: (i) nuclealion, molefulaî 

growth, aggwgatian and breakage of primary partic@ (ii) molefuiar growth of grains; (iii) 

aggfegation between primary particles and grains; (iv) abrasion (breakage) of grains. The 

processes in (i) are reiated to primary particies and w e n  studied in this Chaprer. The other 

proeesses are governed by the name laws as (hese in (i), so the nsults obtained for ptinary 

particles in an MSMPR-PFR may be, at least qualitatively, extrapolated to the fluidiml W. 

ACP was found to precipitate vny rapidly and to have a svong tendency towards 

aggregation. The aggregates lormed l o m  metures wh'ih were easily broken by shear 

stwses in the flow field. In a fluidized bed it is likely that wnversion and aggregation mes 

are slower, since the mixing of reachmts is Iess inmse: &m-0.05 W.kg" far from inlet 



w a k  and -0.09 Wekg' at the bottom (Chapta 7), wheas  h - 3  W.kg' and E,- 1 

W.kg'. Conversion times of - 10 s, longer than the vaiue -0.5 s found in the MSMPR- 

PFR, were indeed obsmred in a f l u i d i  bed (Chapter 3), i n d i g  that the conv&pn m e  

in a fluidized bed is iargely d e t a m ' i  by hydrodynamic wndiîions. 

in nda to improve the phosphate removal efficiency in a fluidized bed, molaailar growth 

upon the grains and aggregation fines-grains have to be stimulated, wlaenas gniins abmion 
haa to be minimized. Molecuiar growth on the grains swfaee can only occur in a smal1 

volume in the reactor, where the convenion into primary plirticles is incomplete. It is 

therefore necessary io offer as much grain surface area a8 possible n& the inie4 nozzles. AR 

optimization of the a$gregation-breakage behiivior in the fluidized bed might be achievcd by 

adjusihg the mixing inknriîy in the bed, specially near ibe inlet nozzh.. The optimum 

ene.rgy dissipation rate has to be fouad with expenments in a fluidized bed. 

Aggreption was f m d  to be more pmnounced for a low pH value of 7.8 W for a pil of 

8.6. This is mis tent  with the measured phosphate removai efficiency of a fluidized bed in 

the absence of earbonate and magnesium ions (PÍÍure 6 of Chapter 2), which increared as 

the pH deetmsed &om 8.2 ta 7.  It is W y  that at îhe low pH values the zet%-poienöal of 

ACP is l o w ,  so stimulating aggregation and thus the P remwal efficiency. The pH vaiue 

whkh stimulaiea aggregation the most seemed to derive from a wmpromiae behveni îhe 

chemioal conversion, w h i i  Uicreased with ihe pH, and the zet%-potenual controlled 

aggxgation rate, which probably decreased with the pH. 

The r.orystaU'ion of ACP into HAP i~ a slow prooess (- 1000 s). Reaidence times of the 

I iíquid phase in a fluidized bed are short (-a s), so recryszalluation of fines is unWy.  

1 The residencc time of the grains is mueh larger, so the forntaîion of HAP upon the grains 
I might occut. However, continww deposition of fresh ACP upon the grains by aggregation 
I is W y  to hinda HAP formation to some extcnt. 



The precipifation features of calcium phosphate preeipitation for Ca and P conoentrations of 

resp6ctively 4.8.1O" and 1.á.1W3 k m o l d  as wel1 as pH values between 7.1 and 10 were 

shuüed. 

Calcium phosphaîe pncipiiates as an amorphous matefiai (ACP) with a W P  molar ratio of 

1.48 and a solubility K, of 310n kmo15~m"' (öased on activiries). Conversion of phosphate 

ims fmm the liquid to the solid phase proceeds withii 0.5 s or Iers. The elementary 

processes responsible for this conversion are homogeneous nucleation and molecular gmwth. 

The primary partides are - 5 .  IO" m id diameter and fwthn aggregate to fm particles of 

100 pm within 2 s. For longer preeipitation timw nucleatim and molecular growth become 

negliible so that further particle growth occurs only by abgregation. As the particles gmw, 

breakage becomes increasingly important so a constant PSD is approached within - 30 s. 

The following expression for the rate of homogeneous nucleation was found: 

The kinetics of aggregation and breakage were described by a mathematical model with sim 

independent irggregation and breakage proportional to the particle size. The breakage rate 

panmeter increased with the energy dinipation nte in the PFR. The aggregation rate 

parameter decreased with the pH. This parameter inrreased with the particle size. in 

contradiction with the assumption of sim independent aggregation. These parameters were 

within the ranges 
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c2HAmERS 

AXUL DISTRIBUTION OF PARTICLES IN A 
FLüiûIZED BED FOR PHOSPEATE REMOVAL 

In a fluidizcd bed for phosphate remOVal, @pitation of a phosphate shell procecds upon 

sand grauis in fluiduation. S i  the shell is l e s  dense tban the sand grains, a suspuision 

with a distniitini in psdicle sizes and denaities devdops. The W distribution of particles 

in such a system ha been siudied boîh theoretieally and expefhmaüy. Complete 

segregatim wcwed when the bed msiated of bare sand grains with a spread in sizes (100- 

UX) pm and 200-600 km). As growth of a phosphate sheU developed upon the grains, I>artial 
mixing between the segrpgrited layers p r o W .  A mathematical model was develqpad which 

predicîs îhe axhi distrióution of particles in the bed. The model is bami on a velodty- 

voidage mlationdup and m a slabiity mechanism for segregation, wupled to a simplified 

description of the @pittiion pmeass. Sirnulations of the f l u i d i i  bed for phosphate 

removal show that sand giains of smal1 sizes shouid be used to achieve a high phosphate 

mient in îhe product as well as to maintab a high specific surface area of the grains. 

Beskies, the use of sand gralns of smaü sizes minimizes the amount of bare sand that 

5egregafe.q at the bottorn of the bed just afta itr addition, an undeshble but unavoidable 

phenomenon. 

Phosphate remOVal in a fluídized bed is biued on the preciptation of a mineial phosphate 

sheII upon the sand graina which wnslitlltt) the bed. Since the sheU deposition ocours 
prefemtially at the bottorn of thc bed, and sincc the mineral phosphate has a lowex density 

thm ihe sand grains, a suspendon with a spread in sizes and densities deveiops. This 

normaiïy &es rise to segqation. When them ia a spnad only in sizes or only in densities, 

îhe kger  or h s e r  particla segregate to the Bottorn. However, when there. is a spread in 

both variables and when the krger particka have the lower densi&, such as with shd 



wvered sand gnins, Jegrrgaiion pmceeds amrding to ihe local bed density. Usually, the 

removal of the patticles and the addition of fnsh sand grains is made intermitîently. so that 

the f luidiion iharactdstics change nol only with the axial pwition, hut also with time. 

The fluiduation chamkxiJtics of a f l u i d i  bed fot phosphaîe. removai such as voidage, bed 

density and spsi& surfacc area of the panick affect thc prarss performance in s e v d  

ways. They play an important mle in the phospham remwal sinee they detemine the sp i f i c  

surfaee area avaiiable for growth. The specific surface area ia paräcularly important at the 

lower pan of the bed because of the preferential phosphate deposition at the boüom, where 

the supersahiration is the highest. The fluidization &zamAstics alm determine the m e s t  

possible partiele sim undergoing fluidizaiion, and conpequenfiy they impose an upper limit 

to the phosphate content of the produced panieles. Segregalion deiermines the fate of the 

M l y  added sand grains within the bed. The surface of bare sand grains is unfavomble for 

phosphate deposition, so they should not reach tbe botlom of the bed when they are just 

added, but remain in the upper part of the bed until they are covered hy a phosphate shell. 

In this chapter the fluidization characteristics of a f lu id i i  bed for phosphate removd are 

studied both theoretidiy and expmimmtally. A maîhematical model of this system is 

developed, based oii the velocity-voidage relationship and on the wgregation in the bed 

according to the bed density, coupled to a simplified description of the precipitation proces 

Fluidiion experiment8 are performed in order to determine whether the fluidized bed is 

well mixed or segregated, and if this behavior can be described by the mathematical model. 

Sirnulations are performed in order to opíimize the operation of a fluidized bed for phospbate 

removal with respect to the phosphate content in the product and the specific surface area of 

the particles. Ways of minimizing the pcesence of bare sand grains at the bottom of the 

fluidized bed are discus&. 



qpes qfsuspemwm - the patticles wnstiiuting a fluidized bed may have a disttibuibn in 

properlies sucb as size, dmity, shape, etc. A p u p  of partieles in the bed having the Same 

propertics Cdentical partides) is called a bsd wmponmt or suspension component. The 

wspuision as a whole is called a niuln'componenr suspension. A binary suspendon conlauw 

only iwo compnients. If oniy m e  component is present, the term monoconpo~ntsu(pension 

is used. A suspaision is called w11 mued if the volume nadien of al1 its componaits is 

independent of the axial position in the bed. ïf an objective wrrespondenee exisia beiwem 

a suspension mmponent and an axial positini in the fluidized bed, the suspension is called 

se#rega&&. Fm intermeúiate eases, the tampartulUy segregated suspension is u&. W, 

wmponents with dissunilar fluidization characteristics tend t0 segregate in byem. Each layer 

may wntain one or more wmpen(s. 

Porosiry or widage (6) - is the volume fraction of fluid in the bed. 

Superficid veveliry (v& - is d&ed as the fluid f l w  rate divided by îhe cross section of the 

empiy fluidized bed. 

Pdcle terminul wlociry (v> - When a single paiticle is aüowed to sertle in a inñnite 

mationless fluid, gravity, drag and bwyaney forw act u p  it. The stationary velocity 

attained when these forw baiance each otha is called the particle terminal velocity. 

Panicle sentirag yclocity (v) - This is the analogue of îhe terminal velocity when a population 

of patticles is &g (or is fluidized by an upgoing siteam). The settl'ig v6lociîy is aïfected 

by partide-pirticle intemtions, which alter the flow field in the wntinuous phase. The 

bwyancy forces acting upon the parîicle are detennined by ihe bed densíty (zee below) rather 

than by the lquid density. Fm the fluidiion of monou>mponent suspaisinis, the &g 

velocity is e x p s e d  as 



PMicIc Wiiy t&) - In a fluidized bed fot phosphate remoyal the panicles wnsist of a core 

of sand (usually quariz m d )  wveral by a phosphate shdl (usuaUy Ca,(PO&). The average 

particie density is given by 

BeB demiry lp& - is detïned as the volume averaged daisity of a suspensim under 

f luidiion.  Fora monocomponent suspwision the bed density is given by 

When a fiuid flows upwards through a fixed bed of particles, the bed starts to expand when 

the pressure dmp bewmes equd to the bed weight. n>e bed expands smwthly as the 

wperfrcial velocity increases up to the Mlue of the partiele terminal velocity. Khan and 

Richardson n] w m m  several velacity-voidage relatiaiship for uniformly sized s p h d  

particles, and concluded that the equation suggested by Richardnon and Zaki [61 gave the best 

agreement with the available experimental data over a wide range of Galileo number (10' 

<Ga< 10'4 and voidage values (0.4<e< l). This equation is limited, however, in tha i1 

q u i m  knowledge &out the panicle terminal velocity. Itc aecuracy i s  therefore limited by 

the prnision in the estimateof the terminal velocity. An equation which does nol suffer from 

this limiration and is derived from the empirica1 Carman-Komy equation, is [S] 

Eqwtiai (4) was compared with the equation of Richanism and ZaLi [6] lor the 



conditions of intenst for tbis wark, i.e. rhe fluidiion of (non-spkdd) ban sand as wen 

as shell macd grainu. Equation (4) &wed a betier agreement with ihe experimenu, m it 

wau chose81 for f u h x  uw. With equation (4) the voidage of a mo110~0~1pniaa suspaiaion 

m be pdieted if íhe particle &e, densi& and îhe superfcial velocíty in ihe bed are )tnown. 

Once the voidage is known, the bed density can be caicuiated from eq.(3). If the mniss of 

pa&b is aiso kmwn, ihe bed height can be caicuiated: 

Equation (5) ean alm be used to ob& tb pomsity of a monocomponent bed from 

measuremena of the mars of particles (M& and of the bed height (H). In this way, ihe 

voidagc-velocity relatlon, q. (4), can be veriñed apesimentally. 

When paaicles of different a k  or deadaisities constitute the fluidized bed, partial m total 
segregation may o w r  if ihe &e or densiiy ratios are large enough. The coarscr or denser 

peaictw in íhe disuibution tend to segregtte to the boaom. Fora populatiw of particles with 

mixad sizcs Md densities the axial diibution of particles atso depends m the supdiiaal 

velocity and on the overall bed eomposition. Por a b i  suspeneion with dwuier partkb 

of smaller diameter, Moritomi [3] baa found that, at low supemcial veloeities, ihe denser 

(and small<x) particles segregate to the boaom of the W. At intermediate velocities ihe bed 

baeomes weii mixed whereas at high fluid velocitiw the den= pariicles segregate to the top. 

The vdocity at which the iayers invert depnds on rhe OW bed composiiion. The axial 

dismiution of particles in these binary systems was described by a mathematical model 

developed by Gibii [l]. This model i s  b a d  on diSiry  cmider~'o1L1: ihe hempositions 

of the layers adjust themselves in order to minimize the potaiîiai energy of the suspension. 

Inis umditíon is satlstied when the bed density at the bottom kycr is &mal. 

Syamlal [7] dtxribed the segmgation in binary suspensions (for component5 of d i a t  

Mi and size) by using a more fundamental a p p r d .  They a@& mass and momenturn 



balance equations for t k  fluid and for the suspension wmpoawiïs over each differentiai 

volume element in the fluidired bed. The siability requirements were incorporated in these 

Wanceequations. The axial and di profile8 of thevolume fractions of the two suspension 

mmponenis wen detiveâ. 

Patwardhan and Tien [4] dcvefoped a segregation model for multiwmponent suspensions 

based on the Wtling velocities of the fluidired particles and on k i r  random motion. nie 

lakm was dosenbed by an empirically &terminad parlícle dispersion coeffiienr. An axial 

particte disbibution for rnulticomponsnt suspensions was obtained. They applied the meihod 

on adsorption beds upon which a bacterial film was depwited [S]. This model disregards the 

tendency for s e g e o n  dictated by stability considentions. This tendency may be negleded 

only if t b  f luidiion charaetmstiu of the various suspension mpo~rents are similar. 

52.4 Mmhe~~ficaal d e l  for the muil úistribwion of parficles in a fiuidized bed for 

mmoval 

5.2.4.1 M o d d  selecion 

h f l u i d i  bed for phosphate remwal consiss of a mulîiannponent system with a spread 

in parlícle sites and densities, with fluidization characteristies govemed by sîability 

considerations as wel1 as dispenion. Given the large 6pread in pariicle sizes and densities 

normally found in pmcticc, it is likely that sîabiiity largely demmines the overall system 

behavior. 'RW mathernatieal mcdels avaiiable in the litenture are unsuitable to describe this 

system: Oibilaro's model [l] ean onïy he aflied to b i  synems and Patwardhan's model 

[4] neglects stability considerations. Therefore a new model was developed, based on stabiity 

considerations, but atended to take into anaunt multicomponent systems. A description of 

this model follows. 

5.2.4.2 Fluidizafion 

The. f l u i d i  bed rractor is fed at the bottom with a solution supersaturated with respect to 

the mineral phosphate sait. Preeipitation of this sait aocurs upon the sand grains thus 

dewebping a phosphate shell upon the grains. The padcles (prakt) are intermiuently 

rem& at <he bottom and ai the Same time fresh sand @s are added at the top. The 



model descnbes the puiod belween w o  suocwsive product remwal - sand grallis addition 
evwit8. 

At the start, the f l u i d i  bed wnaists of a discrete number of wmponents 'i' of known 

daipity Co,,) and sUe (b$. These bed wmponents form wmpktely segregated layers, each 

with the f l u i d i i  cbaraotaitica @ed density and voidage) of mMMeOmpmait fluidizatiion. 

Thc bed density, vmdage and bed hcight in each layer thua are CalCulaled h m  the 

monocomponent f luidiion quations preseuted carlier (eq.(3), (4) and (5)" wpaetively). 

The total bed height is obtained simply by summing up the wnûibutions of the 'i' suspension 

m m w t s ,  

The segregated laym are W y  m g e d  in tbe bed in such a way that the poteritia1 energy 

of the system is mini&, i.e. the laym with the larger bed densiiy values ocaipy lower 

axiai positions in the bed. 

n i e  deposition of a phosphatc shell upon the grallis is mum& to take place d y  at the 

lowest segregated layer. As ihe psruC1ea grow the local bed deasity decreases. Evenîually the 

bed density of the two lowa layers beeome quai. When this w$, the two layers are 

allowed to mix, thus faming a single, binary iayer. Further growth of this layer may lead 

io futthes mixing 4 t h  otha Iayers in the bed, so that a multiwmjnment layer develops. 

n i e  height of a multiwmpniait layer &) is obtained by summing up the wntribution of 

each suspension component in the layer. These contributions am obtained h m  the 
monowmponent fluidiIation quations &4.(4) and (5)) and hom the maw of each suspension 

component in the iayu (W3. The volume W o n  of the suspension wmponent 'i' in the 

layer is then calculaied fmm 



PinaUy, the awage hyer prosity and the average W density of the layer are obtained trom 

and 

Equation (9) is the multiwmponent equivalent of equation (3). 

5.2.4.3 Depsirion @ a  phosphate shell upon the gmh 

Sinee this Chapter is mainly focused on the fluidííiion aspech of a fluidized bed for 

phosphate removal, a simple description of the precipitaíion processes was adopted. 

Precipitation of a phosphate shell upon the grains was assumed to take place at a constant 

rate which is indepandent of fluidination conditions. The phosphaîe deposition raie upon the 

grallis (b. in m' shell.3-') relates to measurable quantities ar 

whete the phosphate ternoval efficiency (ij) is defined as the fnction of the phmphate flow 

entering the fluidiued bal whidi is deposited u p n  the gmins. 

In Chapier 4 it was shown that prwiptation is a rapid pracess which occurs mauily at the 

locver pact of the W. Here it is assumed that growth ocnirs only in the lowest layer. The 

kyer is assumed to be welt mixed so that growth bcours uniforrnly throughout the layer. The 

linear growth rate of the particles in the bottom lapr thus only depends on the phosphate 

dep,s&n rate ($,al and m the total surface area of the pariicles, given by their volume 

WP& d size (4): 



with G being detined as 4dJdf. Equation (11) holds for sphcrical, smooth paniclea. Itthe 

layer is formed by more than OW suspaision component, eq. (11) is slíghtiy adapted: the 

grot& rate of each suspension wmponent is dcuiated considehg that the shell dcpositini 

rate w tha~ wmponent is the h t i o n  of 4, that is pmporunial to the surface area of tha~ 

component. Note that the identity of the suspension oomponenta within a kyer is not lost. 

Once the gmwth nte is hiown, the changea in paaide sizes and demities of aü wmponents 

in the kyer with time can be calculated. 

Fiyn 1. Blo& díagram of the mathematical model for the partide axial distribution in a 
fluidized bed fot phosphate removal. 



5.2.4.4 Model srnrcturc 

The ~>roasse~ described in the prwious sections (5.2.4.2 and 5.2.4.3) were incorporated in 

a Turbo-pascal (Borland) code. A block diagram of the model is presented in Figure 1. The 

main model inputs were (he supeficial velocity, the ovendi bed composition (mass fraction, 

density and size of each bed component) at the st9rt of the pn>cess, the inlet flow, inlet 

phosphate wncenîration and the phosphate removd effichcy. Model outputs are fluidization 

cbaracterisíics (voidage, bed density, speeific surface area, etc.) as wel1 as characteristics of 

ihe soli  phase (mass fraction of shell in tbe partide, panick size and wre size) as functions 

of axial position and time. The only model parameters are the numencd ooeffícients in the 

velocity-voidage equation (eq.(4)). 

1 F h t  the fluidizaiion of sand grains wgs invesfgated fa w o  size distributions as wel1 as for 

two bed sizes. Subsequently the fluidization of sand g r a h  covcred by a phosphate shell with 

a density lower than the sand grain dens i  was studied for Wo types of phosphate d t s ,  fot 

.wui graim with two size disuibutions ( m w  and wide) as wel1 as for two precipitation 

times. An overview of the expenmental conditions is piven in Table I and Table 11. 

Table I. Expenmental d i t i o n s  ''j a mixture of magnesium phosphate 
and amorphous calcium phosphate. amorphous calcium phosphate. 

exp. nr. sand phosphate bed Ruidization 
diameter shdl diameter time 
@m) Em) (h) 

Sf2 100-3ûO none 0.02 - 
SB IQDUX) none 0.05 
Sc2 280680 none 0.02 - 
Sc5 200-MY) none 0.05 - 
MgP26 2oO-600 CaMgPa) 0.02 26 
M g W  200-600 CaMgP" 0.02 44 
W 5 6  352-420 CaPB 0.05 56 



Tabie IL Flnv rates, coneenûaîions and pH values of the sireams entering the t l u i M  
bed fm phosphate remwal. n.m. = not mea~ud. '~ iop ouW reacior. 

Saam tlow P conc. Ca wno. Mg conc. Na wnc. pH 
nr. m3.a' km olm^^ kmolm-' kmkmolm-' kmokmolm" - 

X 107 X i@ X icr X w X i@ 

Expehents MgP26 and MgP44 
Influent 33 1.7 1.3 O 
Mg soln. 1.1 O O 100 
NaOH min. 0.90 O O O 

%perhrcni W 5 6  
In fluent 213 1.7 O O 
Ca mln. 11 O I 0 0  O 
NaOH soln. 5.6 O O O 

Both fluidization columns used fot the precipitation of the phosphate saits colv>isted of 

cylidncal prr~pcx vessels, 2.1 m in height, with diamaen of either 0.02 m m 0.05 m, and 

pmvided with three inlel nazlea (Figun %b). The main node was positioned verti*luy 

ai the symmeiry axis of the bed. In the bed of 0.02 m in diieter, the main nozzle had an 

open end, x, the stream was i n j d  axially. In the bed of0.05 m, the main nozzle had four 

l 
laterai holcs, x, four streams were i n j d  rad'iy at angles of 90" with respa to ach 

I other. nie fluid velocity thmugh the ho& was 1 d s .  Two accnidary noules were placed 
' horirontally at the waü of the beds. The total flow rate through these nodea was only 5 k 
i of the main flow and fhe fluid velocity ai the mzllle.8 was low (0.2 mis). loue inlet 

arrangemen& pduced recircuiating stmms in the lavest 0.2 m of the W, but above this 

levei a smooth fluidizatkm bchavior was obiained. 

The streams were pumped into the fluidized bed thrwgh perisîaltic pumps, which provided 

the accuracy in flm rates requind for precipitaiion. The osoiüations in the flows, an 



F i i r e  2. Lower part of f l u i d i  beds with diameters 0.05 m (a) and 0.02 m @). The 
refwnce position for the bed height is at H=O. 

inttinsic propaty of this type of pump, were minimized by placing au air cushion at the 

outlet of each pump. 

5.3.2 &prÌwnt<il procedure 

5.3.2.1 Fluidiuuion of sand g r a h  

In experiments Sn, SfS, Sc2 and Sc5 either the column with a diameter of 0.02 m or of 0.05 

m was mnlínuously fed with water at a suprficial velocity of 0.01 1 m.ss. Quartz sand with 

a density p, of 2630 k g d  and in either of the w o  size ranges shown in Figure 3 was 

wd. The bed was sampled fmm the top to the bomm by suctioning. The number of layers 

sampled varied beween 10 and 16 and their height from 0.05 m to 0.15 m. Por e& 

sampled layer 'i', the layer height (IQ. the mass of the pariieles (Y) and the particle size 

distribution were measured. 

5.3,2.2 Fluidimuinon of sand gr& eowrpd wKh a  phosphae shell: sand with a  wide size 

dismmbution 

In experimens MgP26 and MgP44 the column with a diameter of 0.02 m was continuously 

fed with an aqueous solution eontaining Uie calcium and phosphate ions as wel1 as with hvo 



smal1 m d a r y  strwns consísting of a NaOH mlution and a solution wntaining magnesium 

ims. The supenicial velocity was 0.011 ms'. The flow rates and concentrations of the 

streams entering the fluidized bod are shown in Table U. The phosphate removal efficiency 

was 25%. At îhe stari of each experiment eoane m d  grains with the partiele size 

disaibuiion show in Fiure 3 aad with a density of 2630 &.m.' were added. The phosphate 

shell deposiicd upon the sand grains consisicd of a mixture of amorphous oelcium phosphate 

(C&(Pû,)3 and magnesium phosphate (M&(PO31.22H,O) with a density of 1620 kgm'. No 

addition or removal of graias was appfied during the mperiments, so the depositim of a 

phosphaîe shell upon the graias c a u d  the bed height to inonase. The bed was sampled as 

explained previously. 

Fbr each sampled layer Y', Ure 

iayer height CY) and mass of 0 0.8 
the particles (M,) wefe 

measured. The average paaicle 

densiîy lo,J was measwed with .g 0.4 
a piaiometer. The average g 

E 0.2 shell-to-core mass ratio , 
WaaJL.3 was cktemined 

O 

by dissolving thc phosphaîe '0 100 200 300 400 500 6 
grain diameter (m x 106) 

sheli in HCl 2 k m o l d  for a 

@'le Ftgure 3. Piuticle sim distributim of fine (m) and 
average density of the COIVJe (,) -d .$rain#. 

phosphate sheU b-3 was 

ealculated from p,, p,, and MM&.. P i l y .  remainhg sand &s were sieved so the 

core size distribution was determined. It was not possible to measure the partiele siIe 

distribution of the shell mered grains becausc they abraded upon sieving. The 

experimentally dctmnined partiele density, s h d  density and the shell-to-core mass ratios are 

quantities averaged over the mixture of particles in layer V'. The distribution of these 

properties within a iayer was Rot measuted. 

5.3.2.3 Fit&ìiwion ofsand gmim w9ed with a phosphare &U: s& with a ~ m » u  si@ 



disrribufion 

In experiment CaF'56 he mlumn with a diameter of 0.W m was wntinuously fed with an 

aqueoua solutim containing phosphate ions as d l  as with Wo smal1 mndary  streams 

consisihg of a NaOH solution and a solutkm mtaining calcium ions. The superficial 

velocity was 0.011 m.ss'. The tlow rates and conceatmtions of the smams entering Uia 

fluidized bed pire shown in Table U. The phosphate m a l  efñciency was 50%. At the oiari 

of the expziment sand grains were added. consisihg mainly of quara with a density of p, 

= 2630 kgm-' and with a narrow partiele size distribution (352 - 420 pm). Amorphws 

calcium phosphate (Ca,(POJJ with a density of 1990 kgm*' deposited upon the sand grains. 

Tbe sampling procedure and the measuremenïs in eaeh sampled layer were the same as 

above. Additionally, the sampled layers wtre used fot separate fluidization experimen* in 

order to dctermine the average terminal velocity of the @cles in each layer. The terminal 

velocity was obtained by measunng [he voidageat varying supemcial veloeities. The limiting 

superf~ial velocity for e-1 was as the average terminal velocity of the particles. 

nieaccuracy of the voidage-velsity equation (q. (4)) was evaluated by comparing predicted 

and experimentally determined values of voidage. The p d c t e d  vdues w a e  derived From 

the mass averaged parüclesize and densify mmutai for each sampled layer. Experimenrally 

detemiied voidages of a c h  kyer fdlowed fmm the substitution of the mwured laytr mass 

(i&>, layer height (H,) and averaged particle donsity &,J values in eq. (5). Predicted and 

experimentally detemincd voidage values are mmpared in Figure 4. For the f l u i d i i  of 

sand grainr the predicted and experimentaily determined values agreed with a c h  olher within 

0.03 voidage unit, but for the fluidization of particles with a phosphate &ell. the predieted 

pomities were 0.07 voidage unit m law. Time devistions are likely to be reiated to the 

presence of smal1 primarily formed particles (fines) in the bed, wh'ih may have caused an 

incrcaee in ap-t Mwsity of the liquid phase. Th@ particle morphology may also have 

eontributed to the deviations: the sand grains had smooth surfaces with sharp cdges, whereas 



the grown parîiciea wen? 

spherical and had a mugh, 

inepular surfm. 

5.4.2 Fl-n of sand 

Firstly the fluidization 

conditions d u ~ g  the start-up 

are msidered, where the 
experimentally detd. voidage (-) 

fluidid PEgun 4. Predicîed versus experimentally determined 
grains upon whieh no pbosphate voidages for experMmtJ Sc2 (d, MgP26 (o) and 

MgP44 (i). Dotted I i  are mgression values for P- 
sheü is depsitcd. Paröcle size covele,, 
disîdbutions of the lavers in the 

bed h m  experiment Sa2 are z 1 

show in Figure 5. The largest 8 0.8 
patticles occupy the hwer part 'f 

$ 0.6 
of the bed, as expefted. This E 
occurred i m p d v e  of the bed f 0.4 
sine, 0.m or 0.05 m, and of the E 0.2 
site range of the sand grains, 

come or üne (exp. SB, SB, 
a 

and M, not shown). 
900 300 500 700 S 

particle diameter (m x 106) 

Thedegreeof in the Figure 5. Si diiîdbution of sand grains (exp. S&). 
bed was evaluated by Numbers on the lines indicate fhe M>& aual 

position (H/&,). Toîd bed height &= 1.59 m. 
mmparing îhe expimentdly 

detennined axial distribution of the voidage with model prediitions for a wmpletely 

segregated as weii as for a well mixed bed, as show in Figure 6a. The expenmentally 

determined voidages were ealculated as explained in scction 5.4.1. The predicted voidagea 

were derived h m  the overall bed mmpition (pariîcle sine distributim of îhe sand grains). 

nic experimentai data approached olosely the behavior of a fuiiy m bed, except at 



the lowest 0.2 m, where the 

inlet liquid jet promoted mixing 

of the wlid phase. The mixing 

in the. fluidized bed with a 

dia- of 0.02 m is more 

pronound ihan in the bed with 

a diametar af 0.05 m 

(Figure b), but the fluidization 

pactem in most of t b  bed 

height was essentially the m e  

for both fluidized beds. The 

design of the bed bottom 

therefore affected only the 

fluidization charactenstics at the 

bottom, but not in the test of 

the column. The segregation 

can als0 be shuíied in t e m  of 

the axial disiribution of the bed 

density (Figure 6b). The 

approaches based on bed 

density and voidage are 

wmpletely anaiogous, sinee the 

predicted bed duisity md 

voidage are related by eq. 0). 

HIHtot (m) 

(a) 

H/Htot (m) 

(b) 

The predicted and meaiured 
Qure 6. Voidage (a) and bed density (b) versus 

vaiues of the total bed height , m & i  bed Gght  for caarse sand. Bed diameters - 
wd well with each ether 0.02 (m) and 0.05 m (+). Luies are prdicted values. 

Exp. Sc2, M. 
(1.66 and 1.67 m). 



The fluidiion characteristlcs of a f lu id i i  bed for phosphate remwal was shuued for 

precipitation times af 0,26 and 44 how. Immediately after the start the bed m s i W  of a 

fully segregated suspeasin, of sand prains with a bed density and particle size decreasing 

with the bed height, as already mentioned in swtion 5.4.2. 

Deposition of a phosphate shell upon the grains duruig 26 h stmightened the bed density 

versus nor& bed height curve into a horkontal line for the major part of the bed height, 

as shown in Figure 7a. Upon further depositim tin44 h the curve remained flat but the 

absolutevalue of the bed density decreased siighily. ï îme trends were qualimtively @cted 

theonöcally, as indicated by the mtuiuous Lines in Figure 7a. The discnpancy beswefs the 

measured and predioîed bed density values in the figure f o i i m  h m  the fact that the 

voidage-velocity relauonship dki aot describe the fluidiitini of grains covered by a 

phosphate sheii as well as it did for sand grains (.we tection 5.4.1). 

The measured shell-to-o-eore mass ratio, &/M-, as a function of the normal' i  bed height 

is show in Pigure 7b. The ratio was wnslant at the lower pan of the bed and dec& 

with the normaliml bed height. The thmet id  values of this variable, shown in the %ure 

as wntinuous lines, agmd rather weii with the expimental data. The theoretid curve, 

however, predic(ed Uiat no phosphate shcll was fonned on the praina at the top of the bed, 

whereas some deposition was obsmred. This indicated e i k  the pmmc of d a l  dispersion 

of thc particles, or that some sheIl deposition als0 wurred at the top of the bed. 

At first sight the data in Figure 7a and b aemi to indim that at 44 h a ~0118iderable part of 

the bed - fmm the b o m  to a n a m m  height of 0.6 - f o d  a homogeneous layer. 

However, the axial diatributioa of the mes of the grains ploüed in Pigure 7c shows that this 

was not the case. Besides, the average um size at the bottoni of the bed deneased with time 

ftom 600 to 500 @m, whueas at the top of the bed the opposlte effect took place: the @CIC 

siza inc& h m  2U) to 320 pm (Piiure 7c). Apparently paaicles were transponted in the 



axial direction: the initially fully 

segngatcd bed became partiall y 

mixed. AU these trends are als0 

preóidad theoreWy. 

5.4.4 Fluidizaon of zand 

grains cowed Mrh a plwsphafe 

&U: smid with o namw 

pmMIc[c siw àistribm'on. 

In Seetion 5.4.3 a f l u i t i i  bed 

inirially fed with sand having s 

wide parîicle size distnbution 

was fouiuJ to be segregated 

aa*>rding to the bed demities of 

its mponents. In order to 

verify whether the model is still 

applicable when the bed 

densitics of the components are 

close to each other. experiments 

using sand g a n s  with a namwv 
size distnbution (352 - 4U) pm) 

were perfomed (exp. CaP56). 

The bed density and mass 

fraction of phosphaîe shell upon 

the sand grains as functions of Figum 7. Bed density (a), shell mass fraction (b) and 
core size (c) agauist the normalired bed heighi. Sand 

the POsuion in the bed for w~th a widc size dirtnbution, measured at O h (.), 26 h 
a fluibintion time of 56 h are and 44 h (m). Lines are predicted values. Exp. 

Se2, MgP26, MgP44. 
show in Figure 8a.b. The bed 

densiiy was constant throughout the bed and the mmau fnretion of the phosphate shell in the 

particles decreased with the bed height. As a funher indicalion of segregation in the bed. the 



terminai velocity of the particles in 1700~ 1 

pron0uneedthaninthe~0fJand 

grains with a wide size dintnbution, 

as ean be concluded by wmparing the 

axbi distnbution of the phosphate 

content in the grains: Uiare was a high 

phosphate content even at the top of 

the bed (Figure 8b), whieh was mt 

the case for the sand grains with a 

widesprrad in siee iPigure7b). 

cach layer wcrc ddcrmined by E 1600. 
sepanrte experimeatc. Thc particlep 3 1500. 
witb the iargmt terminai vdociusS ' lm- 
~ a t í h e b o t m o < t h e * d a s  $ 1300- 
s h n  in Figure 8b. .x 1200. 

If it is considered that the bed is 

formed by a number of cotllpwenis 

with sizea within the range 380-420 

pm, the model pndiots rracoliably 

well the obwed axiai disüibution of 

bed density and shcll-to-eore mass 

ratio, shown as conîinuous lines in 

Figure 8a and b. This suxprising 

mult indicates that even smal 

differences in bed -ty may give 

+ 
+ + 

+ + + + + + + + +  

Flgure 8. Bed dglsity (a), shell mass Won (b) 
and tnminai velocity (b) against the normaüzed 
bed height. Sand with a namw size disnibution. 
Piuidieation time of 56 h. Lines are predictcd 
valw. Exp. CaP56. 

risc to segregatkm in the bed. Noie that the mathematical model is based on equilibrium 

considerations, whicb mans that even an infinitesimal differencc in the bed densities of the 

bed wmponents is sufficient io promote segregation and that the model does not take into 

account h4W large íhe driving fora for segregation is. in praetiee it is likely that if the 



differencea in bed density are smltll, such as for sand gnins with a narrow particle sim 

disaibutím, segregatíon hecomes l e s  important. Therefm, the possibility that the cbse~ed 

sgre@tion was mi g o m 4  by stability factors should also bc considerisd: the obsaved 

segrqgatb Cöuld be wscd by the dispersion of the p t i d e s  combined with a localued 
groWh at the bottorn of the bed. 

The mathematieal model presaiíed in secíion 5.2.4 is wct u& to optimize the operation of 

the f l u í d i i  bed with respect to thephhFphaLe conten, in fhepmduer and the spec@c su@e 

m a  of the particles at the bed boltom. Ways of minimking thepwsem of bare sand gMinF 

ai t h  bed Borrom right after their add lh ,  an undesirabk but unavoidable phenomemui, are 

diissed.  

5.4.5.1 Simkuion conditions 

Siinulations of a f l u i d i i  bed for phosphate r e m d  weze performed for wres as wel1 as 

shdls of Wo sire  ranges and densities. The time intervai between start-up and the first 

produet removaüwre addition ewnt was simulated. At the start-up the bed was filled with 

bare m s .  The operaiional canditions mmmm for al1 the simulafions are show in Table Fl1 

and those varíed in each simuiation in Table IV . 

5.4.5.2 PhoSphate CQNPJL! in fhe produc~ 

One of the basic f a r a  qf the fluidized bed pmcas is Ihe possibility of T ~ C O ~ ~  

phmphate in a ooncenîrated form. A high phosphate conmiation in the proáuct may be 

ObtaUied by adjusting the chemistry of the systun so that a wnEenmted phosphate 

modifieaton is formed (e.g. arnarphws calcium phqphate, Cah(Po,), instadof magnesium 

phosphate M&0,)),.22HzO) and by adjusting the fluiditation conditions so as to minimize 

the amount of sand grains iwrpMated in the product, i.e. by maximizing the sheU-to-core 

mass ratio (M,&&). Th latter is achieveú by IPddng the mass flow raie of d to the 

sysiem (rhe phosphate deposition rate eannot be vaded beaiuse it is fix& by &e inlet 

caiditio~8, the phasphafe r e m 4  efficiency a d  the phosphafe modificatini fomied). The 

Bow rate d sand in iatemiimt opmaticm may be reduoed either by iimiting the amount of 



l sand wed in each sand addition went or by increasiag the time interval betwem Wo 

additions. S i  both aithnaövea are equivalent, only the larter siîuation was considered. nic 

time interval benueen w o  succesdve sand grains additions is cailed 'fluididon time'. 

Tabla m. Proass eonditions wmmon to ai1 simulations of a 
fluidiaed bed for phosuhaîe remoral. 

Table W. ProcesrJ eonditions for sirnulations of a fluidimi bed 
for phoiphate removai. (l' PSD chown in Figure 3. particie 
~ ~ t w i ~ a s ~ a s c o a r s e s a n d .  

1 For a @x. amant of -d giains in the M, ihre are two mnstraint8 Umiting the 

I fluidition time. Firsîly, the midoge deereases as precipiîation pr&$ until the voidage 

I value of a fixed bed is m h e d  (r-0.45). Sceoadly, the Bsd hcighf increares with time until 
l 
I it equala the height of the column. Thaefore a maximum fluidiion time exists which is 

either limitcd by the voidage or by the bed height. 
I 

VBidnge - Figure 9a shows the simulated values of the voidage against time. The voidage in 

aii sirnulations dam;wed dowly with time, so that a fued bed (t = 0.45) only developed 

a h  times of 350 h or more. The maximum fluidization time was longer for a low sheli-tc- 

core den@ ratio ar wel1 as for fuie d. 



time (h) 

(a) 

time (h) 

(4 

time (h) 

(C) 

Bed he&h - In order to be able to 

compare the different simulations, it 

was assumed that the maximum 

allowable bed height was twice the 

value just afta startup (HIH,>2). 

The corresponding maximum 

fluidizaüon times can be read fmm 

the plot of H/& against time show 

in Figure 9b. Maxhum fluidization 

times W e e n  1ûû h and 350 h were 

obiained. the highest values being for 
a high shell-to-wre density ratio and 

for fine sand. 

Tberefare, the maximum fluidization 

time was always limited by the bed 

hei& so that optimization of the 

phosphate content in the product may 

be achieved for high shell-to-core 

demity ratios as wel1 as for fine sand. 

5.4.5.3 Spec@c sqtme area or rhe 

b011om layer 

Phosphate removal in a fluidized bed 

relies on the deposition of a mineral 

the @s. Both proces~~s  only wur in the of supersatuntion, in a small region 

ai the bottam of the bed. If a large specific  ui^ uai (m2 particles I m3 suspension) is 



provided for in this region, a high phoiiphate removai efficiency is favored. The model 

presenred in thia work allowed calcukuon of Me spccifc surface area as a functini of the 

fluidization conditions, but dii not take int6  can nuit the influence of the Jpeclfic durfaoe area 

on the phosphate removal efficiency, whicb was assumed to be constant. 

The sp@cinC surface area is plotted agahst the fluidization time in Pigure 9c. This figure 

shows that a high specific surface area was obtallied whai fine sand was wed. A ñuther 

inemisc in the speafic surface area was obtained by using h e  sand and a low density ratio. 

Figure 9c also shows that thc apecitic surkàce arcl for all sirnulations decreased wiîh time. 

Thexefore, in principle the specitic surface area can also be a Limiting Erctor for the 

fluidization time. 

5.4.5.6 PresenCe qfbare s& grdm al the boItom of thef[l<idired bed 

nie suspewion mmponmts in a f lu id i i  bed are axiaüy disttibuted -ding to their 

monocompono1t bed densiik, the componait with the highest bed density ocnipybg the 

lowest axiai positim. Whai fnsh sand graias are added to a fíuidized bed, they occupy the 
bed bottom if their bed density is higher than that of the other bed componmts. This sihiation 

is h o m  to be deûimental to the @pitation p m s  in a f l u i d i  bed fox phosphate 

removal: in Chapter 2 a low phospbate removal eficiency was found during start-up, where 
the f l u i d i i  bed was nIlcd with bare sand grallis. 

Sirnulations (not shown) with a large number of oore and shell s i m  (100 to 2000 @m) and 

densities (1300 t0 2400 kgm4) have indicared that, for d l  situations of practicai interest, at 

least same f&m of the sand grains freshly added to the bed segregate to the bottom, as 

long as the sh&-to-wre density ratio is maller than unity. Figure 10 shows, for the 4 

simulation cases of Table Ui and Table IV, the m w  fraction of îhe freshly ad& sand grains 

that segngates at the bottom as a function of the fluidization time. This W o n  increased 

rapidly wiîh time and then reached an aimost constant value. This constant value was l w r  

for high shd-tosore density ratios and for fine sand, the f- factar being the most 

imporiant one. 



100 200 300 400 
time (h) 

The presence of bare sand at 

tk bottom can therefore be 

duced by increasing the 

frequency of sand grains 

addition (and wrrespondingly 

reducing the amount of sand 

added each time so that the fotal 

sand flow, and therefore the 

shell-to-core mass ratio. is not 

affatcd). by using fine sand as 

wel1 as a high shell-to-mre Wre 10. Fraction of sand that segregates at the 
bottom of the bed just after addition as a function of the density ratio. 
fluidization time. Codes are indicated in Table IV. 

5.4.5.5 Optimum operaring condirions 

The oprating conditions that optimize specific featurea of a fluidized bed for phosphate 

removal wcre k r i b a f  in the previous sections and are summarized in Table V. The use of 

fine sand is recommended since it leads to an optimization of d l  the features investigated. 

It is dso recommendeü to Leep the flow rate of sand (averagai over a large number of 

produet removaüsand addition events) at a minimum to improve the phosphate wntent of the 

product. Frequent addition of smal1 amounts of saná should be preferred to infrequent 

addition of large ammnts in order to minimize the presence of bare sand at the bed bottom. 

Table V shows that there is no p,lp, which simultaneously optimize al1 the features 

studieü. If  the specific surface area of the grains is to be optimized. wres with a high density 

may be used (a low p d p -  results). 

Predictcd and expenmentally determined voidage vaiues for the fluidization of sand grains 

agreed with each ether within 0.113 voidage unit. but for fhe fluidization of particles with a 

phosphate shell, the predictcd porosities were 0.03 voidage unit too low. 



Tabie V. Recommended proeess conditions in order to optimize specific features of 
the f l u i d i i  bed. "j p&pP aiways < l .  

P umtent in high fine high low core 
the praduct flow rate 

fuie low 

amount of bare low h e  high frequent 
sand at îhe m addition 
boaom 

Particle segregation always occurred in a fluidized bed for phosphatc removai. It was more 

pronounced for sand grains with a iarger spread in sizes (100-300 pm or UX)-600 pm) than 

for sand grains with a n m w  size disiribution (35C-420 pm). As growth of a phosphate s h d  

developed upon the grains, partial mixing of the scgngated bed layers proceeded and the bed 

density became indepmient of the axiai position in the lower part of the bed. 

A mathernaticai model was dweloped that de&ribcs w d  the expenmentally determined axiai 

particle distdbution in the fluidized bed. The model takes into accaunt the stability 

mechanism f a  segregation, but dispasion effects are n e g l d .  

Simulations of the fluidized bed for phosphatc removai have shown that m s  wiîh a smal1 

size should b e d .  Smal1 grains favor a high specific surface arca of the grains, enables the 

production of particles with a high phosphate wnmt  and minimize the amount of bare sand 

grains that segregate to îhe bottom of the bed right after îheir addition. 



A cros seetion of the f luidi i  bed, 

m' 

6.- P wncentratini at the fluidii bed 

inlet, k m o l d  

C, drag cmfticient, - 
d particle diameter, m 
g gravity aceeleration. m 4  

G ünear growth rate, m 4  

H bed height, m 
M solids mass, kg 

mw molecular weight, kghol-' 

Re Reynolds number, - 
v settling vdocity, m d  

v, superficiai velocity, m.sl 

v, i e r m i  velocity, m.s-[ 

Greek leners 
8 number of P atoms in the chemica1 

formula of &he mineral phosphate 

r voidageQge - 
+ volumctnc flow rate, m 3 4  

r fiuid viscosity, Pa.s 

p dasity, kg/m3 

q P remwal efficiency. - 

Subscripts 

bed suspension (particle and fluid 

avpaked) 

mm pariicle fore (sand) 

f fluid 

i suspension component 

iayer mono- or multicomponent 

homogeneous section of a 

suspensim in a fluid bed 

p pariicle (sand grain wvered wiih 

shell) 

sheU particle phosphate sheU 
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A mcuiod is proposed to describe the influence of hydrodynamic conditions on precipitation 

processes. It is b a d  on spatially distnbuted moment equaîions, on relations for the k i n k  

of nucleation and growth of the precipimting compound and on the solution ofthe flow field 

as calculated by the commerehiiy avaüable software package 'Pluent'. Local quantitiea arc 

calcuiated, such as liquid velocities, local supe~turadon and loeal moments of the particle 

size disaibution. The method was applied to simulate a dwble-jacontinwus reactor for the 

precipitation of calcium phosphate. The influenee of the lacation of feed points on the 

convenion, product average aize and coefficient of variation of the product size distributiw 

was shown. The conversion Mned within thennge of 0.57 t0 0.83, the average size changed 

by a factor 1.9 and ihe coefficient of variation by a factor 1.5. It was shown that only a 

smaü fraction of the reactor volume W effectively used for nucieation and gmwth. The results 

were comlated to the fundamentai procesaes goveming the mctor behavior. 

Chemicai reaction prenpitation kinetics are determined by a combination of interrehîed 

pmcesses. Reactants are bmught tagether by mixing. Durhg the mixing praics8 

supersaturation is crratcd, which W the driving force €m nucleation, growîh and aggmgath. 

The prcdud agg- c m  &her break or further aggregate by d o n  of hear strem8 in 

tbc huid phase. Crystais and aggregata collide with each otlicr, with impeliers and the 

w t o r  walls, m mhancii c r y d  breakage. Cryatal dissolurion occurs in regions ofnegative 

supnsaturation. 

When the timesde of mixing is of the Same ordrr of magnitude as the timcscale9 of mystal 

growth, nu&aîion or aggregation, l o d  c h a r d r t i w  of the syaem kgely dctamine the 

o v d  systan behavior. 



In the Last few years, with the development of more and more powerful computers and of 

befter numefical methods. it became feasible to describe spatiaiiy disttiiuted proeesses in 

chemica1 engineering. H o m a g ~ u s  reaction systems in readers of any arbitrary geometry 

can nowaáays be described by using commercially a~ailable software. However. up to now 

80 spatially distributed description of pmcipitation pmcesserr is available. 

In this study a fust attempt was made to develop a mathematical model for precipitation 

processes, which takes into account local system chancteristics. Outputs of the model are 

the spaWy disuibuted moments of the particle slle disribution and local supersaturation. 

The model was applied to the presipitation of calcium paiosphate in a continuous double jet 

rc.actor at varying location of the feed points. Caicium phosphate presents high conversion 

rates and is pmne to aggregation, being thcrefore suisitive to local system characteristics. 

Calcium pbosphaîe. precipitation alw has a p c t i 4  significanee, since it is used on an 

industrial scale to remove phosphate from waste waters [IOJ. 

The propomi model is a useful tod to improve the understanding of precipitation processes. 

The model ean be applied in the design and optimiation of crystallizers. sinee it can easily 

be adapted to different crystaiiii geometries. Furthermore the formation of undesired 

crystal phasw or morphologies due to toa high 10Ial supersahiration levels can be predicted. 

In this first anempt the nueleation and gmwth kin&, the solution chemistry as wel1 as 

mmmixing are umsidered. However, aggregation, brralrage, micmmixing, turbulent 

diffwion and particle dissolution in m e s  of undersaturation have been neglected. 

Calcium phosphate precipitation is accomplished by mixing an aqueous solution containing 

&um chloride and phosphwic acid with an aqtteous sodium hydroxide solution in a double 

jet reacuir ar stgady state in the turbulent reginw. The laws of consewation of mass. 

momentum and c h & i  species are applied to each infinitesimai volume element in the 



reactor to descnbe the bshavior of the liquid phase. in a similar way, laws of conmation 

of number, Iength, surfaEe and volume (moment equntions) are ppplied to charactaip rhe 

solid phase. Liquid pbase. aad solid phase information are anmected througk the Irinetim of 

precipitation. Figure 1 shows a blo& d i  of the model stnicture. The wmmereiaüy 

available software 'Pluent' was uaed to s o k  the reauiting set of parthl áifftraiîiai equations. 

'Flumt' uses a finite volume prooedure in the EulerÍan frame of refnence. T- notation 

[9] is used thmphwt the text. 

F i i i r e  I .  u x k  diagram ot the mathematical model f a  pipitation proiwses. 

6.2.2 Assuntpriions 

It is assumed that the solids concentration is $d, so the presente of solids doer nol affect 

the flow fieid. Ihe particles have a smal1 d i ,  so they follow the strramlinea of the flow 



field. The nsidence time is oot very large so sedimentation effects can be neglected. 

The model was developed for turbulent flow at stmdy state conditims. The closure model 

adop<ed &-E model) wquires imapic tuhulence. Application fa iaminar flows is also 

possible, since îhis type of flow can be considered as a special case of the turbulent flow. 

The kinetics of praipitation include prímary nuclearion and surface integration controiied 

linear growth me. the lam with a wond order depndcney on supersatuntion. The linear 

grcnvth rate is taken be independent of particle size. Aggregation and breakage, as weli 

as dissolution of the particles in zanes of negative supersahrration are negllectad. Miemmixing 

times are assumed to be infiniiesimally small, i.e., no locai segregation of dissolved 

componmts is encountered. 

It is also assumed that chemicai reactions &ween ians and complexes in solution are very 

fast, m the liquid pbase is in chemical equilibrium. Ion activity aiefficients are assumed m 
be constant througbout the vessel. 

The laws of wnsewation of mass and momentum, applied m the liquid phase in the reactor, 

detamine the tlow W d .  i.e. the local iiquid pbase veloeities and pressures. These 

eonServaüon laws are matbematically exprcssed in tenns of the threedimensional time- 

smaothed equations of continuity and motion [1,9], 

whem the overhe and tbe prime indimte respsctively tbe time-averaged and the fluctuating 



component of a variable. The last tam in q. (2 )  concerns fhc 80-called 'Reynolds stmw', 

- p , which in the progzam 'muent' are related to time-avemged flow quantitied by 

mms of the k-€ hubulence model [6,9]. 

The iaw of conmation of mass is applied to the chemical sp ies  k in the liquid phase in 

order to dexribe lucai concentrations [1,91, 

The term - p a  in @.m represents the turbuht transport of mass and has to be related 

to time-averaged chemical species u m m W n s  or theiu gradient8 if eq.(3) is to be solved. 

A Jwii-empiricai approach is adopted [l] b& on au andogy with Fick's iaw of diffision, 

l The turbulent MscOgity 01i) is calculated fmm the k-r Nrbulence model anti the mrcesponding 

turbulent Sehmidt number of îhe chemical species k (m is assumed to be 1000 fm ali the 

1 chmicai spies. The poluta íetm (q) is c o n n d  to the precipitation kineh and ia 

I givm in ssction 2.6. As a f i t  approximation the fluctuating component F&' is ne&lected. The 

term h @.O) which repiesents the molecular m ion diffusivity is also neglected sinee this 

tenn is usuaily much smaller îhm the turbulent transport tenn. Por the system studied hen, 

! 
the chemicai spees involved are caicium, phosphate, sodium and chloride. 



The local @de size distribution is characterilcd by mans of the moment equations [4,BJ, 

where 5 is the p* moment of the disüibution @=û,1,2. ... ) and i=1.2,3 are the directions 

in cartesim wordinates. The moments of the disinaution are directly related to pmperties 

of the disbibution, such as total number (N), length (L), arra (A) and mass fraction of 

partides K& 

Since. ihe third moment and the rolids mass fraetion are directly related, the third moment 

equation (eq.(7) with p=3) expresses the uwismation of mass of the solid phase. It is 

adogous to the chemid spek% wnsemation equation (eq.(3)3, which was applied carlier 

for the iiquid phase. 

Also the mean size and the cnefficient of vadation of the particle size dishibution @oth 

number based) can be eslculated from thc moments of the disüibution. 

nte derivatives with respect to x, in eqs.(6) and (7) represent the wnveetive transport of 

moments. The term J expresses the laal changes in m, due w nucleation and the term p m, 
,G express the l d  changes in m, due to crysîal growth. The houndary conditions for 

eqs.(6) and (7) are zero flux of mommts thmugh the reactor wails. 

By splitting thc rnoments and the linear growth rate in eqs.(6) and (7) into a mem and a 



fluctuating component and by subsequent tllne-averaging, the following expressions are 

obtained, 

- 
a u; ;;;o - &-U:& 
- ] - J ' -  - 0 

% 4 

a U F - par , iF  - -44 - p G - D (11) 
m; 4 

Averaging procedures related to turbulent flows can be found in the reperena [l] and p]. 
- 

The terms q-dmPv&, in qs.(lO) and (11) reprasert the e n i v d v e  transport of the d 

I moment along the x, axis due to fluotoations in the turbulent iíeld. The term 2 and 

I p G repnsait îhe production of m, due to turbulence. They have to be relaîed to the 

time+avemged momenis of ihe disaibutim or th& gradients if q.(lO) and eq.(l l) are to be 

solveù. However, these terms are not known in g d ,  w that a so-dled closure problem 

resulis. In analogy with îhe appmach used for îhe mnservarion of chemid specie?., it can 
be taken that 

l 

I The particles are assumed to have îhe same local velocity as the liquid phase and to bave. a 

turbulent Schmidt numbex qual to that of the dissolved species (S% = 1000). As a fust 

I approximation the terms J /  and p nP,d in q.(lO) and eq.(ll) are simply n e g l d .  

F.quations (10) to (12) form a ciosed set in tenns of the moments 5. They are of the Mme 

dimensionality as the mass and momenturn transport equations and can be numerically wlvlved 

! in a similar way. The number of moment quations can be chosen aocording to the amount 



md type of Uifonnarion required from the putiele size disüiiutioh. Here it is considered that 

tbs number based average size and ~oeffieiat of variarion give an adquate description of 

thc PSD, w io is suffficient to use ihe fint 4 momenta of the disnibution @=0..3). Tbe 

minimal number of moment quations is 3 (p=0..2) because the m n d  moment is needed 

to deukte the rafe of preeipication (wtion 6.2.6). 

6.2.6 Preeipitation kitteiics 

Chemical r d o n  precipitation fmm aqumus wlutions cm often be described with a 

chemieal d o n  as &OW in eq.(13). The supersatumtim (6) with respect to the solid phase 

fnmed, the primary nueieation rare (J) and the li- g& rate (G) c m  be expressed by 

qs.(l4) t0 (16). 

m A"' + n 8"- - A 2 - l  

b J - k,, sxp(--) 
B' 

The expressions (A"') and (w in eq.(14) refer to the activities of the free ions in solution. 

The above equalions are applied to the precipitation of calcium phosphate. The procw 

wnditions are such that the modifiation fonned is an amorphous cale~um phosphate phase 

with a chemical fonnula consistent with &at of nidcium phosphate (Ca,(P0,)3. The 

solubility of calciam phosphate and the icinetic piirameters in eqs.(l3) to (16) were estimated 

from the experimenial data in Ch&pter 4 and are given h Table I. 

In order to calculate the supersaturation the activities of the free ions Ca" and W,* at every 



position in the reactor are Tabie I. SoluB'ity and W c  parameters for the pncipiaition 

A of calcium phosphate. S.I. uni&. 

model of the mlution ,y+: Q*+ 41: 10" 

c h d s a y  was therefore B*: po. kn: 300 
5: IP bi: ia9 

áeveloped basedon mass b: 2 

balances, chemical 
Note: the vaiw above dier from those in Chapter 4. 

equilib8um nlations and Although the data in ChapW 4 is more aecuratete both 
electrnieudty in the of pmneien agree with the experimental data. lñe 

diierent vaiue for K, is compmsated by the rate 
iuiuid p- (Chapter 2). paiametffs f a  nucieation and growth. 

Chemicai equilibrium in 

the liquid p k  is assumed, inputs are the locai analytical chemical species wneenaations 

K, X,, and >h) and outputs are the loeal activities of &U ions and complexes in 

solution. The mode1 consirRa of a set of non-linea equations that is solved by the multi- 

vadable mcthod of Newton-Raphm at each location in the reactor. The activity cnefficiaits 

are calculated frmn the D a k  equation 121 for an ionic strength of 0.0135 M, and are 

aswmed t0 bc consrant Uiroughout the reactor. 

For undersaturated repons in the rractor @<O) the l i  gmWh raie is set to m, i.e., 

no prticie dissolution occurs. For the mfigurations testad in this paper this turnad out t0 

be a nasoaabk assumption becauae tb undersaturated re&m &ez had a very low mlids 

conmaation a wen m smail that the midence time of tbe particles in these regions were 

nepiigible. 

Sirnuiations wiih the chemieai equilibrium model show that high Na+ and low C t  

eonccntntions Q.e. high OH? favor large values for the activity of ions in eq.(14). 

Thaefbre, although the ions Na* and Ctdo not participate in the precíptation reaction, they 

affect the supersaîuration indirectly, through their effesi upon the coneentration of the POT 

hs .  

Th& production rate of caleiurn phosphate pariicles (&, eq.(l>), is calcuW h m  the 

iaai lineac grnvth raie (eq.(16)) and fmm the local surface area avauable for growth @.(S) 

and q.(1  l) with p=2). The productiai raie of the chemieal specias calcium and phosphate 



in the liquid phase (R, and R,, negative quantities in eq.(18) and eq. (19)) are related to I 
R,* by the stoichiometry of the chemica1 reaction (q.(13)). The reaction rate f01 the 

chemica1 specie sodium and chlodde is simply zno (e+@)) since they do not pticipate 

in the precipitaîion reaction. 

R, - - 3 (m Jmd R,, 

The kinetics of preeipitation a f f e  the local wmposition of both the liiuid and solid phase: 

the rates of production of the diemical s p i e s  calcium and pphwphate K. and R,) are 

inmted int0 the chemical @es consetvation equation (eq.(3)), and the linear gmwth rate 

(Q) is present in the equation for muiservation of the $ moment of the distribution (eq.(l l)). 

Caicium phosphate precipiíation was achiived by adding two reactant strams via two 

separate inlets inta the wntinuous reactors indicated in Figure 2. The reactants are two 

undersatumted aquaus solutions, mie wntaining calcium chloride and phosphoric acid 

(introduced tluough the P inlet) and the d e r  sodium hydroxide (introduced through the 

MaOH i*). The mcior geomeby was chasen so that s twodimensional flow resulted. thus 

simplifyiig the anaiysis of the resulm. No mixing deviee was present. 

Three reactor wnfigurations were studied. where the posilions of the Na and P inlets were 

varied as i n d i  in Figure 2a,h and c. In order to evaiuate how these 3 reactor 

mfigurations diffcr in performance fmm ideal remion, the extreme cases represented by 

a plug flow reactor (PPR) and a mixed suspension mixed produa remwal reactor (MSMPR) 

wem aiso studied. The PER md We MSMPR were assumed to be perfectly micromixed. A 



mathematical model for the PPR was obtallied by solving the above prrieated model fora 
Mae-diensimai reactol with prcmixed f&. A separate model for the MSMFR was built, 

b a d  m the momeut equarions as dcsaibed in ref. [Q wupled with the kinetics of 
precipiîaîion of calcium phosphaie. The physical prapen" and process conditions used in 

al1 simuiations are shown in Table 11 and Table 111 respectively. 

4 4 



Tabk n- PhyskaI propesties. 

suspension viscosity P 0.0009 k g d . s l  
suspension density P 1000 ~ m "  
crystal density Pova 2400 kgm 3 

turbulent Sehmidt nr. SC, 1000 
shape factor for area k. 3.1416 
shape factor for volume k. 0.5236 - 

Tabk m- Proeess wnditions. "' mnfigurations I and wnfiguration 3. Totai flow is  
the same for aü simulation oases. 

Variable unit Configurations 1, 2, 3 MSMPR and PFR 

P inlet Na inlet single inlet 

Xca kglrgl 1.93.10' O 1.89.lW 
XP04 kgkg.' 1.52.10' O 1.49.104 
XNa kg% 0 5.52.10~ l. 14.10" 
XCI kg.kg'l 3.41.1V O 3.34.10~ 
inlet half- m 1.67.10' O' 5.2610" 
-size 5.26.IO3@' - 
inlet veloc. m d  0.3"' 0.02 

0.0952" - 
tcmperat. K 298 298 B 8  

The utiiization of reactor space in relation to individual pmcesses is expressed in terms of 

charactenstic volume fractions. In seetion 6.4.4 the conversion, the product size and 

eoefftcient of variation are evaluated due IO their practical relevanw. The conversion reflects 

how efficienily the raw malerials are used, while the average product size and the width of 

the product size distribution are important e.g. for downstrmm treatment. Besides, sinee 

measurement of local properties in the reactor is ofîen very difficult. experimentai validation 

of the model based on product characteristics and convenion is a simple altemative. 

Randolph and h s o n  [81 have show that in general crystallization and precipitatíon 

pmesses exhibit a f&-back meehanism with the wpersaturation acting as the wntmlling 



variable. A m d  feed-back loop exists due to recircuktion streams withii the r&[. It 

is therefofe dicult, if not impossible, to analyze the simuiation results in tmns of 

unambiguous cause-efíect proeessw. Therefore, only a few feahues of the precipíîation 

ptoc*rs wiIl be pre8enîed in order to illuslratcr the interactions behvan individual pnresw. 

The W va iw of select& variabh obtallied in the sirnulations of the reactor dgura t ions  

1 to 3 are shown in Figure 3 to Figure 5. The highest vaim of the variabh in the reado~ 

are also indicaîed in thc figum. The lefi half of the reactor cross Sccuons are given (the 

veiticai linea at the right side are symmeiry mes). The reactor dimaisions are out of d e ,  

íhe reactor width being enlarged by a factor 4 to facilitate visualization. 

6.4.2.1 Catggurotion I: Na Iniet ai the wal1 

The liquid phase vclocity field in the re- (Pigure 3a) is Jtrongiy influenced by the jet 

stream wming from the P iniet (calcium phosphate solution). The flow coming h m  the Na 

inlet (sodium hydroxide solution) repmsents only a marginal wntribution to the total flow, 

so it hardly a f f a  the flow field. A rccireuktion sbesim mupies the lower part of the 

reactor. Fluid elements in this stream experien* an increased resideace time. 

The concentration of the NaOH solution can be fohwed thiough the spatiai distribution of 

sodium ions in the reactor. Sime the sadium ion8 are not in- in tbeprecipitate, their 

distribuiion in the r e e  also allow visualizaiion of the mixing pattems irrcspeetive of the 

precipitation procw, a indicated in Pigure 3b. The sodium ion8 entering the -tor follow 

the shuunlinea of the recirculation smam and travei towards the symmeuy axis via the 

reactor bottom. When they reach the region close to the P inlet they have almady mixed with 

the sumundings to such an exml tbat the sodium ion conmmtiion is aiready nduced to 

me tenth of its value at ihe inlet. The sodium and thus the hydmxidc ions bardiy mix with 

the oenter of the phosphate jet spram, w some phosphate is expccted to leave the system 

unnscted due to a pure macromixing limitation. 

Figure 30 shows the dist~%bution of supcisatuntion throughout the reactor. Only 28% of the 

reador volume h u  a non-negligible supenaturation (iaka fot conveníenw fl> 0.3). It is 

withii these 28% that most of the nucleation and growth wil1 occur (sce ah d o n  6.4.3). 



This s d  volume however, includes sub-regions with very high supersanirations (up to 

6-3.0). 

In various precipitating systems, the value of the mpersaturation aiso deiermines the 

moditication which is formed. By knowing the local suprsatuntion values, the formation 

of undesirable phases can be predicted fmm solubility daîa of the modifications that may 

gobentially precipiîate and from the Ostwald ~ l e  of mges [J]. This d e  states that the first 

modificatim to b8 formed is the one having the higbea solubility. For the precipitation of 

caicium phosphate from aqumus solutions at least 5 different modifications can he fonned 

[fl. By applying Wald's mie to the reactor mnfiguration 1 it is undentandable that in 

regions of high wpersaturations (b-2.9)  with respect to amaphous calcium phosphate, this 

phase wil1 indeed be formed first. In principle, prrcipitatim of oher phases cm w u r  in 

zones of neptivc supersatuntion with respeet to the amorphous modifmtion, but the 

supersaturatiws with mped to îhe. other modiftruions arr. smal1 and their precipitation 

kinetiçs are reiatively slow, so the formation of otber modificatKnis can be negiected. 

The p d c l e  number concuitratíon (N in q@)) is the largest in rhe region of high nucleation 

nte and right al>ow it (Figure3d): the nuclei generated in h e  repion of high suprsaturation 

are subquently transportrd by convectim in the diredon of tbe flow (upwards). Turbulent 

diffusion and the recirculating stram distnbute the particles over the whole reactor. The 

panicks gmw while this happens so the upper pan of the reactor and the recircuiation mne 

wntain the largest mass fraotion of solids (Figure 3e) and the largest average particle sizes 

(Fkure 30. 

6.8.2.2 Configurarion 2: N@ inler cu rhe cenrer 

The veiocity fietd (Figure 4a) wsembles that of configuration I (Figure 3a). In this case. 

however, the sodium hydroxide entering the reactor me6 the jet fmm the P inla straight 

away, so no predilution murs, as was the case in wnfiguntion 1. The mixing of the 

sodium and hydroxide ions with the phosphate ja is more efficient here. as can be seen fmm 

the sudden drop in sodium ion8 concentration nght above its inkt (Figure 4b). Therefore, 

the Loss of unreacted phosphate due to a macromixing iiiitation is expected to be 1css 

prmounoed here. 





Fignm 4. Conf%uratim 2: velocity veetors (a), sodium ions mass fraction (b), 
supersaturation (c), particle number wncentntion (d), solids mass fraction (e) and 
number averaged particle size (f). 



-re 5. Configuration 3: velocity vectors (a), sodium ions maas nIction @), 
supersaturation (c), particIC number cmmtration (d), solids mass f d o n  (e) and 
number averaged partide size (t). 



Due to îhe rapid mixing of d i m  hydroxide. a high supersaturatiw results right above the 

Na inlet (Pigure 4c). The conversion (a wmbined effect of nucleatiori rate, growth rate and 

surface auailebte for g w t h )  p r d s  faster than in mnfiguration I, leading t0 a fast drop 

in the s u ~ t u m t i o n .  The volume fraction with a non-negligible superratoration @>0.3) 

is thai only 14%. 

The particle number wncentration N (Figure M) and the solids concentration X.,. 

(Tigure 4e) are the highest in the zone of hiih superraturntion and just above it. in analogy 

to wnfiguration 1. Here however, almast no particles are entrapped in the recirculation 

stream (N and X., ariain low values), x> this region can be qarded as a dead zone. 

6.4.2.3 Cafiumtion 3: horiwntal P inler paritioncd &w Na inlel 

The vdocity field (Pigure Ja) shows nva reeirctllation zones, me above. the other below the 

phosphaie jet cthe P inlex). Thc sodium hydroxide stream entering the reaetor is prediluted 

in the lower recirculation zone befw i1 rmhes the phosphate jet (Figure Sb). just as in 

configuration 1. b s s  of unreacted phosphate because of short circuiting is likely to be smail 

due to the horiwntal onentation of the phosphate jet stream. 

Predilution of the d i u m  hydroxide wnibined with a low phosphate lass by short circuiting 

results in a distnbution of the supemturation overu large reactor volume. The zone with 

non-negligible supersaturation (@>O31 is much larger than in configurations I and 2 (60%). 

Thc pariieles praduead in the zone of non-negligible supersauiration (6 5 0.3) are transpored 

partly to the iower redruilation m e  and partly to theoutlet stream. The upper recirculation 

zone hardly contains any particles (Figure 5d) and cm be regarded as a dead wne. 

The largest parâiclles are found in the lower recirculation zone, probably due to the large 

residence time at a non-negligible supersaturation 05 >0.3) in pms of this zone. 

The spatidly @stribuIed description of proCesses offers the possibility of identifying wnes 



withii the reactor where specific procesm occur. The loeaiion and size of these zone$ wiii 

be furtfter elaborated here, taling as examples the pr- of nucleatíon and growlli. 

nie  ratc of prodwtion of a number of particka at a &ven elemaitary volume within the 

reactor (in #/s) is given by îbe product of ihe locai nucltaton rete J and the dema>tary 

volume. Znies of high nucleaîion rate (i.6 of high supersaiumtion , see q. (14)) are 

thenfore those which contribuk most to the total generation of new psröclea in the reactor. 

In order to quant@ the total size of these m, a variable V,,w is defuisd as the volume of 

the zone raspolisibie for the prod& of 90% of the îotai number of particles g-ted in 

the r&reuir as a whale. 

Table IV shows that, fot the 3 dguraîions mdied, nucleation occuni in 1 to 3% of the 

total reactor volume. These unies wrreqond to the regioas of j3>2.9 in Figure 3a to 

Fium Ja. By improving mixing cniditions (e.g. by inneasing turbuimce), it Bhould in 

principle be possible to increase Vr.* from the present values, which are close m that of the 

PPR (4%). up to valw around those of an MSMPR m%). 

Tible IV - Utuization of reactor volume with respect to production of crysîai numba 
(VIA mass (Vd. 

System Conf. 1 Colif. 2 Conf. 3 MSMPR PFB 
Canfig. 

The production of paiticle mass in any &ven reana: elemmtary volume can be analyzed 

similarly: zones with high G,, coneibuts most to the total mass produotiai mie in tite 

reactor. The total volume of these zones are quanufied by definhg a variaple V,,, as the 

volume of the sub-region where 90% of the îotai pîicle ma% is prcduced. 

Zaim of high G. (m eq.(17)) &t either from high growth rates (and therrfore high 

supersahidon, cq.(16)), or h m  a high surläce area of paaicles available for growlh, of 



fmm Mth. PW the 3 mnfigurations, the mnes ofnon-negügible 4,. (taken for convenience 

ES those in which &.,>0.1 &,d coineide with the unies of non-negligible 

supersaîuration @>O. lD-=0.3), showing fhai 6 is the Umiting faetor. Table IV  shows that 

only 6 to 24% of the reactor volume is u t i f i  fw production of particle mass in 

configurations 1 to 3. For the PFR a similar figure is found (V,, = 10%). This is a 

consequente of the high supersahimion at the reactor inlet (premixed feed), which 

d e r a t e s  the nuclation and growth proeessw. thus causing the rate of pmduction of 

particles to increase. Th$ similarily betwoen V, in the PPR and in configurations 1 to 3 

indicate that the just dexribed local mffihanism is aiso p m t  in configurations I io 3. In 

these cases, however, the location and size of ihe reaciive m e  varia with the location of 

the feed strams. If local effects are eliminaied (e.g. by a higher local turbuluice of by 

diluting the magen@), values of V,, up to W%, the MSMPR value, can in prineiple be 

obtained. 

The wnversion (E), thc avnage pmduct size (Q and the ooefficient of vatiation of the 

product dis!Abution ((c.v.&,,.J for the 3 wnfigudons, for the PFR and the MSMPR 

are analyzed in this section. The simulation results are summarized in Table V. 

6.4.4.1 Couvenion 

The conversion (E) is d&nd as the ratio bhveen the phosphate flow which leaves the 

reactor as a preeipitate and the total phosphate flw introduead in the reactor. The former 

is caleulated from the local mlids co~~eenulrtim a d  the conesponding flow ram at the 

reactor outlei. The laner is obtained from the wmposition and the flow rate of the inlet 

phosphaîe strpam. Tht follawing miaiion is thw obtlllied. 

where S is the surface of the hvodimensinial rraetor outlex and v, is the fluid velocity in the 



z d i i o n  (normal to S). ï l e  index l nfers to the reactor P inlet. The maximum thmreticai 

conversion for the p m s  eoaditiom used in this study was 0.998, the remaining 0 . W  

rqxesentc the solution in equilibrium with the solids. 

Tabie V - Averaged proportics at Wie reattor OU& for the 3 reactor 
míigumtions, MSMPR and PF%. dM,  = 7xlV  m. 

Reactor Conf. Cnif. Conf. MSMPR PPR 
Config. 1 2 3 

(-1 0.57 0.72 0.83 0.93 1.00 

The 1- wnversion is found when the sodium hydmxide strem is added at the rractor 

wal1 (510.57, configuratim 1). Due to the axial Onentation of the P inlet, somt phosphate 

Leaves the reactor bef- mixing with the sodium hydmxide stram. When sodium hydmxide 

is added d i y  into the phosphate ja the canvasion inereases (e-0.72, wnfiguration Z), 

allioe the mixing of the two inlet streams impmves, but the rwidaioe time of the phosphate 

jet stream is still too short to provide a high mversim. Whm a horkmtal odeaiation of the 

P inlet is applied, the canversion improves again ( E=0.83, caifiyration 3), sina the loss 

of unreaeted phoaphate is avoideú. This conversion ia however lowa than that ofan MSMPR 

((=0.93). In the PPR, t b  highest conversion is achieved (f = 1 .O) as a result of the high 

supasaîuration at íhe reactor inlet, which atxelemtes the conversion protas at the earliesí 

stages of the particles residence time. Actually, the wnversion proceeds $0 fut thaî it is 

essenWy completed in the first 10% of the PFR volume (VSs=O.l in Table N). 

6.4.4.2 Avemgc praiirrct size 

The numk-avcrdged diameier of the product (Q is ealculaíeú h m  eq.(9). The mommts 

of the product size disaibution are dculated by averaging the pmduct of the d local 

moment and velocity in the z-dirsdion ( v v 3  over the twodimensional reactor ouW S, 



Varying the locaiion of the feed streams eau& the avezage product size to change by a 

factor 1.9. In configurations 1 and 3, where ihe sodium hydmxide is 'prediluted', the 

average prcduct s i m  are lafger than in configuration 2, where no pre-dilution occun. In 

configuration 2 the higher l d  supersaturations reault in higher nucleafton rates and 

cowsquently in smaller average sim. The largest was found for the MSMPR. due to 

the abmce of zones of high supersaturaîion. while the smallest size was found for the PFR 

due to the high superpamration at the reactor inlet. 

6.4.4.3 Coelfieeien! af variation 

The number-bad coefftcient of variation of &e product size disaibution, (C.V.),, is 

dculated fmm -49). The moment8 of the pmduct size distnhution %,p,a are calculated 

from the locai moments at the reactor outlet (q.(22)). 

Vaqing the ioeation of the feed streams e a d  t b  mffinent of variation of the disiribution 

to chuige by a factor 1.5. The  C.V V.^ is the 1ar&W in oonfiguraüon 1. probably as a sesult 

of the recirouMion saeam, which ca- a wide rrsidaa time diwibution of the s o l i .  For 

mntigumtion 2, where the recircuiati~~ stregm is j a t  a dead wne (hardly any particles an 

present), a smaller C.V. rcsults. Simiiarly, in configunîion 3 the lower recircuiation siream 

ompies qnly a mail reactor volume and a smalbr c.v. ruuits. The spread in the pmduct 

si& distribution in the ideai reactors w s d l e r  than in the three other readar 

configurations. 

A mathematical model fora preeipifation syam with wly nudeation and growth processes 

has bem developed. which predicts for a given reaefor rnnfiguration, among others, the l d  



supersaturaiion, l o a l  momenis of the particle size ditribution and product properües, This 

system has been illusaated for calcium phosphate, aithough it is hown  that in this case ais0 

aggregation has to be taken into account. 

Alîhough the model was only used to descrihe the predpitatioa of calcium phosphate, it m 

casily be adapîed to simulate tbe pip i ta t ton  of other saits fmm solution. 

The model ia a &l tod in improving the undeatandhg of the mle of individual proceses 

such as nucleation, gmwth, and mve*ion for the global reacior performance. 

The formaîion of undes i i  modifications or morphoiogies due to too high l o a l  

supersaturation levels can be prcdicted. 

Sirnulations wiîh a wntinuws double jet reaemr at various poaitíons of reactant inlets showed 
a wnsiderable change in îhe cnivgsion (0.57 to 0.83), the avaagc product si?.. (factor 1.9) 

and thc numb-based coefficient of Miiation of the product size distribution (factor 1.5). 

NucMon  and growîh oecur only in a smal1 pari of the total reactor volume. 



concentration, l ~ n o l m ' ~  liq 

aetivity, kmolm liq. 

nucfeation rate, Xm" susps! 

number-based wefficient of 

variation of the size. distribuiion, - 
number-haJed average partiele 

size, m 
diffusivity, &s-' 

gravity acceleration, m.sJ 

linear growth rate, m 4  

shape factors for area and volume, 

solubility product of calcium 

phosphaîe based on activities, 

kmol5.rnl5 

pariick diension, m 

moment of the disüibution, 

m p ~ n - ~  susp 

molecular weight, kgkmol-' 

N,L,A total number, length and area of 

the PSD, #.mJ susp., susp., 

m2m" susp. 

pressure, Nm" 

rate of appearance by chemica1 

reaetion, kgm-' susps~' 

* w s s  ~et:tion' of the 2D-reactor 

outlet, m 
turbulent Schmidt number, - 
velecity in the direction i. m.$' 

fluid velocity normal m S, ms' 

w. inld n~iar flow rate of phosphate 

solution, Icgs-I 

r, v m r  c o o r d ' i  q= IxI.x*,x>} 

X masr fraction, kpkg-l susp. 

Subscdpfrs 

c w t  solid phase 

liq liquid phase 

max m i m u m  value 

out reactor outlet 

k chemica1 species in solution, 

k=Ca,PM.Na,Cl 

p moment of the particie size 

disribution, p=O. l ,  'Z,... 

prod product, i.e. particles at the 

rcam-11 outlet 

t turbulent 

id direcöons in cartesw wordinates, 

i,j= 1.2.3 

Supemnpw 
- 

time averaged wmponent of 

variable 

' flucîuating mmponent of vwiabk 



1. Bird, R.B.. Stnvart, W.E. & Lighifaot, E.N., Transport p h ~ m > t l ~ ~ ~ ~ ,  John Wiley, 

Londen, 1960. 

2. Davies, C.W., Ion Axfocirition, Buttenvorths, London, 1962. 

3. HUue, J.O., Turbulcnce, an inmxiucrion to ju rneduutismc ad rheoiy, MC. Graw 

W, N.Y., 1959. 

4. Hulburt, H.M. and Katz, S., Some problems in paracle techualooy. A Statistical 

mechanicai formulation, Lltwr. &g. Sci, 19, p.555-574, 1964. 

5. Kemenade van, M.J.J.M. and de Bruyn, P.L., A hetic shidy of @pitauni from 

supcrsaturaied calcium phosphate mlutions, J. Colloid Ime#àce s i . ,  118(2j, p.564-585, 

1987. 

6. Launder, B.E. and Spalding, D.B., Molkmiorieal WIS in Alráulcnce, Acadedc 

Press, Londni, 1972. 

7. Nancoilas, G.H. et al., Mineral phases of calcium phosphate, A W .  Rec. 324 (Z), 

p.234-41, 1989. 

8 .  Raadolph, A.D. and Larson, M.A., Thcoiy qfpatticuiate pmcessts. Andysu and 

rechriiquss qfconn'nw~~ cry8~21lium'on, Aeadmiic Press, 2" ed., 19H. 

9. W, W., W W  nsodeia ad heir cyplicB1ion In hpdrcurlics: a sslatc qf $he art 

review, pmeaprcsmted by the Int. Assoc. for Hydraulic m c h  - I.A.H.R. - S d o n  of 

Pundamcntals of Division U: Experimmtal and Mathematicai Pluid Dynamics, 1984, 

Delft. 

10. Seclúer, M.M. et al., Phosphate remaval fmm waste water by mcans of a W SC& 

pellet reactor, I l*  S m .  Indicsniol CrysmiIiuuwn, Sept. 18-20, 1990, Gannisch- 

Partailarchm, Ped. Rep. Gemiany. 

11. Tennekes, H. and Lumley, J.L., A fUsr wwse in turbulente, The MIT Pres, 

Lnidai, 1972 





CHAITER 7 

OPTWIIZATION OF TEE PHOSWATE REMOVAL EFFICIENCY DURTNG 

CALCiUM WOSPRATE PRECIPITATION M A FLUIDEED B W  

'w- 
The aggregation of fine primarily fomed particles with sand grains in a Buidized bed for 

phosphate removai was e@mentally studied by mans of an experimenial set-up wbich 

isolated aggregation from other proccsses during caicium phosphate preeipilation, as wel1 as 

through expezinmis under normal opmiion of the f l u i d i  bed. T b  eet aggregation 

proces was desuibed by means of a mafhematicai model which taim in& account hvo 

compzâing mechanisms: onhokinetic aggregatian and brrairapc. The n a  aggregation process 

was found to acU>unt f a  60% of the phosphate removed by the f l u i d i i  bed. The 

oithokinetic aggregaüon can be improved by spreading the supersaturarion more e v d y  

throughout the reactor, and breakage can be diminished hy a low energy dissipation rate in 

the bed. Optimization of the phosphate removal efficiency was acbicved for sand &ns of 

smal1 sizes (0.1-0.3 mm), fora low supeafwial velooity (7.1(r3 mts) and by spreadhg the 

addition of the NaOH solution (reactant) over two dosage points. By s e l d n p  these 

conditions, the phosphate rem& efficiency was -80%. 

Phosphate c m  be removed from wastewater by a pmcess ba9ed on the pmcipitation of 

amotphous calcium phmphate upon mld grains in a f l u i d i  bed. The mah technological 

We-nee& of the pmms is the low áf~ciency with respect to the phosphate remwai. In 

Chapter 2 a black box parametric sRidy of the proce~s led to a phosphate removal ef6oiency 

of only 50%. It became clear that a hirther optimizatiai of thc phoqhate removai áftciency 

would wuire a better knowledge of the fundamentals of the pracess. 

The basic underlylng procesaes occurring in the fluidlzed bed were M o r e  studM in 

Chaptcrs 3 to 6. It was found that submlcm paaicles (-0.05 pm) of amorphws calcium 

phosphate are formed by primary nucleation and molecular growrh at the botîom of the 



readof within a very short time (10.5 s) and subsequently fom aggregates. As these 

aggregates, hefe called 'fines', become large enough (- l0 pm), they become prone to 

m e  and a more or Iess wnsrant particle size distribution is reached within - 10 s. Part 

of the fines undergo aggregalion with the sand grains. thus contributing to the phosphate 

remwal by the bed. Separation of phosphate aiso proceeds by molecular transpon of calcium 

and phosphate ions in solution towards the sand granis, i.e., by molecular gmwlic. The 

phosphate which is not removed leaves the bed at the top, either as fines or as ions in 

solution. The picîufe of the promss just presented indimies that an impmvement in the 

phosphaîe remeval efficiency may be achieved if procas conditions are fwnd which favor 

aggregaîíon, molecular growîh, or preferably both. In Chapter 3 it was already shown that 

the aggregation of the fines with the grains is most likely an impottant feature in the 

phosphate rem&. Therefore in Nis chapter an optimization of the phosphate removd 

eff~iency was aftempted hy focusing on the aggregatbn proces. 

Fi t ly ,  the aggregation of the fines with the grains in a fluidized bed was experimenfaüy 

studied and mathmticaily modelled. In order to experimaitally isolate the aggregation from 
other proCessCs (nucleation and molecular growth), an experimental set-up was designed in 

which the reactants were pre-mixed in a smal1 stirred reactor upstream the fluidized bed. The 

conversion of phosphate from the liquid to the solid phase at the stirred reactor outlet was 

almost wmplete and the suspension enteMg the fluidized bed was only slightly 

supersaîurated, so mainly aggregahon praxdeú in the fluidized bed. 

Secondly, with a better understanding of fhe process of sggregation, optimizat~on of the 

phasphate remwal eff~iency under n o d  aperation of a fiuidized bed (i.e. without pre- 

mixing of readtaflts) was attempted. The energy dissipation rate and the supersaturation were 

selected to be varied experimentally. The values of these parameters which optimized the 

phosphate removal efficiency were determined. 

A mathematical m&l was developd to descri- the ~rtbkinetic aggregatmn of the fines 
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with the grains in the f lu id í í  bed. Saffman and Turner 141 proposed the fdowing quations 

for the coliision fresuaicy (JJ between particles of s i m  d, and 4 for different size rangss 

r (r=d/2): 

Jv - 7.09(Eh~03' (d i+d , )2NiN,  kJ2 á r = X,, 

I where E is the energy dissipation rate, v the kinematic viscosity, and N the paniele 

mccntration. The submipts i and j refer respectively m the fines and grains. A,,- is a 

macro length scale that can be îaken as the reactor radius. The Kolmogonw length ssale X, 

is defincd as 

For the range of conditions in this work, hm70 pm and rc400 Pm, so equation (1) was 

used. The decrease in the fines concentfation by aggr@on with the grains in a fluídíí 

l bed is derived from the p d c l e  number balance for the fines: 
I 

with the initia1 condition N,=N,,, at <=O. In eq.(6) t is the reaction time, 6 the 

super~aturatim and B the collision efficímcy, which is defined as the part of the mllisions 

actuaily resulting in aggregation between wo particles. The reaction time follows fmm 



where x is uie axial position in the bed (x=O for t=O and x=L for t=U, v,, the superficial 

veloeity and the bed porosity. The linear dependm of the aggregation process on the 

supersaturation used in q,(@ was eafier propossd for the precipitation of calcium carbonate 

[3] and for the crystahation of adipic acid [I]. The supersaturatron is thereby defined as 

where the brackets indime activities and Y is the solubiy product of amorphous calcium 

phosphate, with a value of 3.1WR MS (Chapter 2). The supersaturation as a function of time. 

@(t), is a model input which ean be experimentally detqmh-. 

The wllision efficiency B in eq. (6) includes the proeps of hreakage of fines from the 

grains. In Chapter 4 it was found that the breakage is influenced by the energy drssrpation 

rate. Other authors [2,5] alw came Co the same wnclusion. A simple functron is proposed 

here to describe this influence: 

where E, is an arbitrary referente value for the energy dissipation rate. B, and u are 

characteristics of the precipifsting system. B, and o are the only model parameters which 

have to he adjusled in order ío ohtâin an agreement between the model outputs and the 

experimenml data. All otker pammeters can he directly measured or calculated from 

measured quantities. 

Equaiions (6) and (Y) thus demibe not only the aggregation between fines and gram in a 

flutdiled bed, but also the breakage. Because aggregation and breakagc cm nol he seen 

sq>arately, hereafter the ferm aggregation refers to the nel process. The phosphate removal 

efficiency (by aggregation only) can be calculated by integrating q. (6) from t=O to 1x1, 

and by assuming that íhe paniclc size of the fines is constant in time: 



Only îhe uiggy dissipation nte E and the conmiration of grains PJ1 am now Reeded to 

calculate the decreaae in the u>ncenûaîion of linea by agpgath and tberefore the 

pbosphate removal efficiaicy by aggngation. Tbe energy disipation rate in a flddized bed 

can be calculated from 

I where Ap is îhe pressure drop, which is derived ftom a force balanoc over tbc bed 

l 
M - i 1 - d b s - p J g L  (U) 

The bed porosity e is caicuktcd with a modified Kozeny-Cannan equation [61 

where d, is tbe size of Uie grains. Tbe bed height (L) is caiculaîed from 

Wen tbe grains pariícle size and the bed pomiíy are known, tbe con~4tîntion of the graias 

can be calculataf frmn 

l - e  4 - =  
4 

Fa di and dl the volumeuie mean particle sire *ui be taken. The complete model for 

aggngation in a fluidized bed consists of the eqs. (1) îüi (15). In Table I the in- and outpits 

of tbe model are nimmarized and tbe assumptions and parametem are iisîed. 

Thc influence of the energy dissipation nte and of the supersahiration on the aggrrgation 

p- were seiecîed to be experimentally inveatigaîed. The faitier can he siudied by 

varying tbe superñoial velocity (and thus the total flow) and îhe diameter of ik grains (q. 



Table 1. Main charaeîeristics of the mathematieal model for aggregation in a fluidized 
bed. 

ASSUMPTIONS 
- orthokinetic aggregafion. 
- size independent, energy dissipation dependent bruikage. 
- fines and liquid velocity are the Same. 
- aggregation f-fines is negiected (fines diuaeta conma). 
- fines and graias diameters smaller than 6 iima the K O ~ O ~ M Q V  length d. 
- no axhi disprsim of fines or liquid. 
- grains in the bed are wel1 mixed. 

ADJUSTABLE PARAMETERS 
- B, wllisi i  efficiency at reîerence wnditions. 
- o : exponentiai depuidency of the couision efftcency on the energy 

dissipaüon. 
INPUT 

- inlet flows and con&a~mtions of dissolved Uomponenis. 
- grains diameter and mial mass. 
- ikes diameter. 
- supgsatumtion pofile in the w o r .  

OUTPUT 
- phosphate removal efñciency as a function of the hed height. 

(1 1),(12) and (13)). The latter can be studied by sprcading the dosage of rcactants over hvo 

addition points. 

Experiments with a fluidized bed preoeded by a pre-mixing reactor were *uned out in d e r  

to sîudy the aggregation independent of &er pmcesria in the bed. Additionally, experiments 

were performed with a fluidited bed without pre-mí%ing. Both types of experiments are 

described in the foliowing Jections. 

Z3.1 Fhidued bed preceded by a pre-mixing reactor 

A pre-mixing reactor was plaBad upstrem the fluidized & shown in Figure 1, nie pre- 
mixíng reactor was a cylindueal perspex vessel with a volume of 0.03 1 and provided with 

a propeller-type impeller at a rotation speed of 13 S'. Tbe flui- bed was a cylindrical 

perspex v& with a dimeter of 0.05 m and a total height of 2.1 m. nie  details of the inlet 



addiion 

Iww 
NaOH 
gdition 

F iy re  2. Detail of the batom 
part of îhe fluidized bed. 
Measures in mm. Out of scale. 

nozzles of UK. f l u i d i i  bed are shown in 

Pigun 2. The central nozzle produccd 4 

radi streams at angies of 90" and 
mre set-up. Measures in velooities of 1 m/s. The fluidued bed was 
mm. Out of scale. 

filled wíth 1 kg quartz sand. The reactants 

wem al1 chemicai grade and the water was demineral'i (conductivity < 1 fiS.cm.'). F.ach 

experiment was starteâ by ñiüng the fluidized bed with bare sand, and by addiig an 

undersaturated calcium phosphate ~>lution mrough îhecentral nozzle as wel1 as a base stream 
(a NaOH solution) through îhe lower iatrral n o d e  of the f l u i d i i  bed, in order to deposit 

a phosphate layer upon the grains under 'normai' operahg conditions (without premixing) 

during a @od of 24 h. This paiod of fime was suffrcient to develop a phwphate layer of 

at least 10 pm. A h  this pericd the base addition to îhe f l u i d i i  bed was stopped and 

substiîuted by a base addieon to the premixing reactor. The fluidimi bed was fed with the 

outid s- of the pre-mixing reactor through the central n d e .  

Samples of the total and 'filtered' flows were iaka for chemicai analysis at the wtlet stream 

of the p-mixing reactor as well as at several heíghts in the f l u i d i i  bed, with the 



procedure -bed in Chipter 3. The filmai samples were taken by suctioning with a 

syringe provided with a filter (0.45 pm). This procedure resulted in filtering times of 0.5 s 

or l a .  

The concentration of the eiements Ca, Pand Na in the unfiltend and fikred samples wae 

determined by inducîively mupled plasma - atomic emission spocuoscopy (Spectra). Al1 h 

samples wen pmtreated with 2 N HCI in order to dissolve any suspended solids. 

The totai flow was varied within the range of 40-120 Uh and sand grains were used with sbz 

ranges of both 0.1-0.3 mm (fine sand) and 0.4-0.6 mm (eaarse sand). The flow rates and 

concentrations used in d l  the erperiments are show in Table U. 

Tnble n. Flow nies, wkxnmtions and pH values used in d l  the experiments. n.m.= 
not mmsured. *' top outlet of the fluidized bed. 

Stream flow P eonc. Naconc. Ca conc. pH 
nr. m~.s-~ loiiol-m-' krno~.~.' loii01.1~~ - 

x l06 x 101 x l@ x 103 

7.3.2 FIwlited bed with a spread in base h e g e  

The experimental &-up was the m e  as the one pnsaited previously (Figure l), srcepi for 

the pre-mixing reactar, which was not used. The tluidized bed was provided with w o  nozzies 

for NaûH dosage placed at heights of 0.035 m d 0.35 m (Ffgure 2). The experimental 

procadure as wel1 as the proeess conditions wen the same as above. 

In order to study the influence of the supersaturation ai the phosphate removal, the b 

additim was spread between the iwo base atldition n d e s .  The rotal base dosage remained 

constant, only the distribution between the two locatlens was vwied as follows: the base now 



rate ntio (+d&), defhed as îhe flow in the lowa n& divided by íhe lotal base h, 

arsumed ihe vaiues 1, 0.76, 0.6, 0.43, 0.31 and 0.U). For the two lowest tlau rate ratios 

(+d&=0.31 and 0.201, the base flow at íhe b m m  was too small to create a 

supersahiraîed solution after the fini base dosage. For simplicity these d t i ~ a s  are 

refemd U, as 'total flow added Ihrough ihe upper nomk'. Tberefa the Limiöng situatims 

of total flow added through ather he  lower or îhe upper nmle were explored. 

7.4.1 Dejintion of r e m  ond prcliminùq Caleulaîiions 

The supenmration along the fluidii  bed was obtained fmm measurements of the Quid 

phase calcium and phosphate concentrations ai several &on times (aial positinis). From 

these mnfenuattons and from the equilibrium model presented in Chapter 2, the activities 

of the ions C$+ and POf were raiculated and used in eq4)  to obiah îhe ûuper~turation 

@(t). Por the expaiments without pre-mixing, the supersaîuraüon ai tha inlet of the fluidued 

bed was eatimated h m  the wmposítian of the inlet strams by assuming that the reactants 

Mx wmpldy before s i g n i h t  precipitation takes place. 

The supersmmrion valm at the fluidizcd bed inlet and outlet, avaaged over ail experiment9 

w*i pre-mixin& were @.=0.7 and 8,-0.1. For the experimenis without pre-"*"g, 

&-2.6 and @,=O. 1 were found. For îhe experiment without premixing a£ 80 yli and with 

cuarse sand, the supersaturaügn was found to dec- with time in an exponential way: 

where b=10 s is a decay time for the supefsaîuration that was adjusted to the expwmaital 

dak  Eq.116) with b=10 s was aasumed to be di for the experiments with and without 

pre-mixing, for flow rates in îhe range 50 - 130 Uh and for bath fine and aoarse sand. The 

decay time for the supersaturation repmenu about 10% of the fcsidaiee time of ihe liquid 

p k  in the fluidimi bed (- 100 s). 



The phosphate r e m 1  eflcienq anà the conversion along tite bed helghf were calculated 

from measurements of the phosphate mass flows enteruig the fluidiaed bed and at several bed 

hoighb. nie efrineney and conversion were defined as, 

w b  w,,. repr%(ents the flow of phosphate at the fluidued bed inkt O<$.s1), w,, gives th+ 

flow of phosphate in b& dissolved form and as fm at a givm axial posilion in the bed md 

w,, is the flow of diwIved phosphow at the Jame axial position. The efficiency calculated 

fmm eq. (10) Cnncides with the deihition above for situations whm aggregation is the only 

meehanism responsible for the phosphate remorai, ruch as with a fluidized bed pr& by 

a pmmixig reactor. 

The refrence wnditim for the calculation of the energy dissipation rate E, in quatini (9) 

were arbitrarily chosen to be the fluidiition of eoarse sand with a total flvw of 70 Ilh. By 

applying eqs. (ll),  (12) and (13) for these oonditions, the value F.pO.019 W.&' was 

derived. 

The mathematicaJ model presenbi here talw Li@ m u n t  the energy dissipation due to 

f l u í d i i ,  but it neglects the dimiporon qfrhe k'nedc energy of the main inlet sfream 

(u. This mûibution can be estimated fmm a kinetic energy balance around the bed 

volume where the dissipation takes place: 

where v& is the fluid velwity in the centrai n d e  and L is the height of the fluidiacd bed 

where the kinetic e n q y  is dissipated. For îhe fluidiition of aarse -d at 80 Uh. v,=l 

m%' and €=O.b. Assuning that L=O.l m (the comspondíng residenee time is 9 s), the 

dissipation of W c  energy at the bottorn of the bad is derived, &=0.09 W.kg-'. This 

vaiue is of the Same order of magnitude as the dissipatíon due to fluidiation. 



7.4.2 FluUkted bed prccedul by a pre-Mng nncror 

The conversion at the outlet of the premixing reactor was 94 f 4 % for al1 experiments, 

the oscillations M g  due to s d  variations in the flow rates of reactants. This wnvmion 

was about 2% l m  than the conversion at the outlct of the fluidued bed reactor (fhis value 

was averagul over a large number of expcrimmtal data). Both convasions were slightly 

lower than the equilib6um conversion so that a smal1 supersaturatini was l& in the f l u i d i i  

bed. The experimwttally detemhul supersaturation profile almg the f l u i d i i  bed, for al1 

eXpsnmenî8 with pre-mixing, was describad by eq.(16) with &=0.7, p,=O.l and b=10 

s (secf.ion 7.4.1). Owing to the iow supenaturation, hardly any nucldon and gmwth 

murred in îhe fluidired bed, so only aggicgation wntinued (Chapur 4). Therefore, €he 

phosphate removal in the fluidized bed in these exprimeats was assumed only to proceed 

by aggregation. 

Piure 3 gives îhe phosphate 0.3 
remaval efficiency as a fun~tion 

of the total flow for the hw - fine sand mrse sand 

sizes of grallis. The symbols 

repremt the experimental data 
and the model outputs are 

shown as lim. The iowest flow 

rates f ~ r  fiie grains (50 Ilh) and . 
coane grallis @yh) whcthe $0 60 80 100 120 140 
lowest possible values which flow rate (Ih) 

fluidization. 3. P removai efficiêncy in a fluidized bed with 
aggregation model was applied pre-mixing of reactants, fine (m) and coane sand (+l. 

Lines are model outputs with &=4.1x105, u=-1.3. 
tor t h w  expiments with the 

following fit valucs for îhe puameterJ givai in the mllision efficiency equation (eq. (9)): 

&=4.1.1@ , u=-1.3. Pigum 3 shows that íhe model gives a good prediction of the 

measured eff~iency for both types of gmins and over îhe wmplete range of the trial flow. 

It also shows that both a mail d i  of îhe grains and a low tbroughput fâvor a hlgh 

efficiency. 



Sirnulations were aiso perfomed in which the wllision efficiency was asnimed to be 

independent of the energy dissipation raie (050, not shown). The calculated phosphate 

removai efficiency became practicaily indepndent of iheflow rate, contrary to the naea~ured 

tred show in Figure 3. This demonsIrates that an iacn&s. in the energy disupation rate 
indeed pinotes  breakage. The enefgy dissiparion rate alro stimulates the aggregatim 

btween fines and gnins through the collision frquenoy, as shown in q. (1). Substitution 

of eq. ( 1 )  and q. (9) in@ q. (4) sbows that the nel process aggregation minus breakage, 

given by dN/dt, is proportiaial to the energy dissipation rate to the power -0.8. Therefore, 

the n a  effect of an increase in the energy dissipation rats is a decrease in the phosphate 

removal efficiency. 

7.4.3 Fluidired bed with base dosage ar rhe bottorn 

Here experiments are d&bed in which no pre-mixing reactor is used upstream the fluidized 

bed. The reactants were mixed at the bottom of the bed (Pigure 2 with NaOH dosage via the 

lowest node) ,  producing a high loeal supersatuntion. Therefore, al1 the elementary steps 

of the presipitation process (nucleation, maleuilar growth and aggregation) proceeded 

simultaneously within the fluidiad bed. Phosphate removal may proceed by aggregation, 

molecular gmwth, or both. 

The experimentaliy dekrmined supernsturation profile almg the f l u i d i i  bed. for al1 

experiments with pre-mixing, was described by q.(16) with &=2.6, 0,=0.1 and b=10 

s (section 7.4. l). 

The exprirnentally defermined phosphate removal efficiency as a function of the bed height 

is show in Figure 4 for an experiment with coarse sand and a flow rate of 80 Vh. The 

aggregation model was applied for this experiment with the Same parameters used for the 

wnfiguration with pre-mixing (B,,=4.1.10', a=-1.3). The only difference in the model 

description was the supersaturation profile over the bed. The dotted lines in Figure 4 show 

that the predicted efficiencies are m low, indicaring that p rowss  other than aggregation, 

e.g. molecular growth, also play a role in the phospluite removal. As a fint approximation 

the gmwth proeess may be ineorporated in the model by adapting the fi t  parameters B, and 



u. A good agreement W e e n  

ealculated and measured 

phosphate was found by removai using ihe Wmciea adjusîed ; !:m 
paramcten B,,=9.2.1U5 and g 
a=-1.3, as shown by the Od2 _C_C 

wntinuous h e  in Pigure 4. E 
0.1 I-.- 

Figure 4 aiso shows Uiat most '0 0.2 0.4 0.6 0.8 1 
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at Of Fïgum 4. P nmwal efficiency in a fluidized bed 
bed (in agrrement wifh the dat9 without premixing of reactant& ocarse d, 80 Uh. 

Model outputs with aggregaöon (áotted line, BO=4.le 
in 3)* 5) and aggregation+growth (cont. he, 80-9%-5). 
that the supersaturation u=-1.3. 

decreased with the bed height 

and due to ifs effect on the 

ag-. This susiains the 

important role of the 

supersaturation in the phosphate 

removal. 

Tha phosphate removal 

efficiency as a fun*ion of the 

M flow for hNo sizes of 

grains is shown as data points 

in Píure 5. The loweat flow 
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Fïgum 5. P removal afficiency in a fluidized bed 
rates for fine grains (50 Uh) and without premixing of reactants, fine (i) and caarse 

sand (+). Model outputs fot aggreption (doaed tines, 
grains BO=4.la5) and aggregation+growth (cont. lies, 

lowest possible values for BO=9.2e-5). a=-1.3. 

fluidiion. Just as for the 
conîïguratbn with pre-mixing, a smal1 &n diameter and a low throughput favored a high 

phwphate removal efficiency. The model paramerers for aggregation only (Bo=4. l.lU5 and 



o=-1.3) as wel1 as for aggregation and molecular growth (Bg4.2<lUs and a=-1.3) wen 

applied to these expmiments and are shown respectively as doMd lines and continuous hes  

in Figure 5. A reasonable agreemen~ between the m& and îhe experiments was found when 

aggregarion and growth were taken into account. The phosphate removal efficiencies due to 

agpgation equaled about 60% of the experimentaily found effiencies. This fractim 

apparently represents tbe miribution of aggregation to Me process of phosphate removal in 

a fluidized bed. 

In the pnvious scctions i1 was shown that the experimentally deiermined supersamratbn 

decreascd exponentiaily with time, with a shor( deoay time of 10 s. By spreading the base 

dosage between two or more addition points, a non-neglígible supersaturation is sustained in 

the reactor for a Longer penod of time (i.e. in a larger part of the reactor), thus improving 

îhe phospbate removal efficiency by increasing b& îhe net aggregation and the molecular 

growth of the graini Having this picture of ihe proces# in mind, optimization of îhe 

phosphate removal was attempied by performing experimens where the base was added 

through two addition points and the base flow rate ratio (+,/+d was varied, while the W 

base flow (+a was kepl constant. Two series of such experiments are presenied here, with 

the fdlowing operating wnditions: a total flow of 50 Wh with fine sand and of S0 Ilh with 

coarse sand. 

The expenmentally determined phosphate remwai efficiency as a function of the flow cate 

mi0 (+,&,J for the two series of experimm is shown as data points in Figure 6a and 6b. 

h the &es of experimenis with coarse sand and a totai flow of 80 lth (Figure tja), the 

efficiency versus &,J&. curve pa& through a maximum. showing h t  it is advantagmus 

to spread the base addition. The efficiency i n d  h m  0.4 at 4&/&,,,=1 to 0.6 ai 

+,&w= 0.5. In the experiments with fine m d  and a total fiow of 50 IJh (Figure 6b), the 

efficiency inmead from 0.5 at &&&,=l to 0.8 ai b&==0.5. The highest efficiency 

(0.8) was found at a low total flow and a smal1 grah diameter. This trend had already k e n  

0 b 8 ~ ~ e d  in the expefiments with single base additim. 



Fiun 6a (coarse sand) shows 

that, if only one addition point 

is u&, tbe upper node shouid 

bc diosca, shce the phosphate 

removal efficiency for 

& , / & , = O 2  was higher 

(q=0.54) îhan for &/&=l 

(q-0.40). This effect can be 

expiained by the fact that at the 

bottomoftherractortheenergy 

diipaüon ntc was higher due 

to the high fluid velooiiy in the 

oenuai d e  (1 md). l ñ i s  

high aiergy dissipation rate at 

the boffom of the fluidimed bed 

promoted the b-e process 

(q. (9)) and thus led to a lowcr 

phosphate movai efficiency. 

Thenfon, these experimental 

nsults suggcst that the fluid 

velocity at tbe iniet nazles 

should be lowa îhan 1 md. 

nie mathanatieal model for 
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aggregaîim~ was appüed to these 
p%um 6. P m v a i  efficiency vmus the flow ntc 

expenma@ followuig ratio +lowlq5tot for (a) wam sand at 80 Uh and @) 5ne 
w,y: (9 ttie supemon at sand at 50 Uh. Lina are model outputs for &,=9.2.l(r, 

u=-1.3. 
each NaOH addition point has 

the value obtaincd by wmplae miwig of rrac<ants and before pipitation pn>ceeds; (@ the 

superaacuntion after cach NaOH addition point decreases exponentially with time with a 

deoay time b=10 s; (5) rhe adapted wlüskm efficiency parameters (ais0 wed in eenion 

7.4.3) &,=9.2.1C5and a=-1.3 hold. lñe model prsdictions are shown as linea in Figuns 





fnind, both t h d d y  and enpenmentally, that the oNto1Mctic aggregation can be 

inereased by spreading the superssturation more eyenly throughout the nador. Brealrage can 

be diminished by dtoosing fluisuatioa conditions where the energy dissipafion rat. in the bed 

is m i n i .  

optimidon of the phogphate nmovai efficiency can therefore be achicved by cbsing 

-s d i t i o n s  with a low w dissipation rate aad a supmraturation evenly spread 

throughout the bed height. The highest phosphatc removal effkhlcy (0.8) was found f01 
sand grains of smal1 sizes (0.1-0.3 mm), for a low supmcial velocity p 10' &s) and by 

spresd'ing the baseaddition over hvo loeations, with an (equiiibrium) conversion of0.25 after 

the ñisî base dosage. The enpenmental results suggest that the phosphate mwal áfiiiency 

can be further improved by lowaing thc mixing intensily at die bottorn of the reactor. 

The supersaturation in Bie f l u i d i i  bed deeays with a time cwsiant of - 10 s, a diort time 
compared to the residaicc ! h e  of the iiiuid phase, of - 100 s. 



B wüiiion eificiency, - 
B, B at reference wnditions, - 
d parucle diameter, m 
D fluidized bed diameter, m 

E energy dissip&n iate, 

E, E at reference wnditions, m2@ 

g gravity acceleration, m%' 

J, ooilision frequency, m'3' 

K, dubility prcduct of ACP, kmolhm.'" 

L fluidized ed height, m 

M total mass sand graim, kg 

N parricle concentration, m" 
t leacton time, s 

g time constant for supenaturation 

-y, s 

v, superticiai velocity, m%' 

w, phmphate flow, kgs-' 

x axial position, m 
X eonversion, - 

Subscripts 

O reference value 

Gnek lmws 
a exponential dependerrcy of the 

dis ion  efficiency ai the energy 

Kiipeiion. - 
IJ supcnsturation, - 
Ap pressure drop, Nml 

6 pom-w, - 
h, Kolmogomv length xale, m 
q P remaval efficiency, - 
u kin. vfwslty, m%' 

p dendty. kgm3 
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Phsphats r ~ f l ~ p s l  fron, wwiwaier is cmaitly appiied in order to redw the p h o s p h ~ ~ s  

input to surface watcrs, thereby mininkhg eutmphication. In recuit years, attention has 

ban focused on technoiopicai mb for phosphaîe ranoval which lead to tbc m e r y  of 

phosphate in a c011ccnüated f m ,  suiiable to rause. Thc preciptation of calcium phosphate 

upon sand .@Is in a fluidized bed is such a route and W the main topic of this thesis. 

A parametAc study of the precipitation of calcium phosphaîe in a fluidized bed was made. 

Magnesium and Earbauue ions in tb water were not de(rimaitaï to the phosphate remwal 
at conccatrations lower than 3.21B9 and 1.8.1B3 km~lm'~ ,  rcspectively, and a phosphaîe 

moval efñciaiey of 50% was achieved. The opamum pH deerraaed with an hae&e of the 

phwphaîe conteat in the wam to bc treated, and was generally within the m g e  7.5 and 9. 

For watas with a low calcium conccnúatini (< 1. la3 lanold), it was possible acbieve the 

phosphate M>oval by m m s  of !he crystalluation of magnesium phosphate. 

Phosphaîe remOVal in a fluidized bed reiies on the deposition of a phosphate iayer upon the 

grains constiiuting üìe bed. Therefore, the axiui Waribution ofpa&Ic# in the bed wris 

sîudied expeiUnu>tally and theoreîidy. C a n p b  segregation oenured when the bed 

oonsisted of bare sand grains, but as a phosphate shell devel@ upon the grains, partial 

mixing of the bed layers pro&. This behavior was desrribed by a mathematical model 

based on a velocity-widage relationship, on a stability mechanism for segregation according 

to which bed layers with h i e r  bed darrity segregate to lower axial positions. end on a 

sUnp1'Í dwcription of the preeipitatinl pmee~~.  Simulaiions were perfomied in ader t0 

optimize the Operaton of the fluidizfú bed with respect r0 the epecific surface area of the 

@E, which atTect8 the phosphate reinoval, and the phosphaîe w n m t  of thc .@Is, which 

is related to üìe mmmia l  value of the product. Both the specifi~ surface area and the 

phosphate content in the product increased by the usc of sand grains with a smal1 d i .  



Chemical reaction precipitation of calcium phosphate occurs through mixing of two or more 

reactants on a molecular scale. Sice  preeipitation pnxxsses are fast. mixing and precipilaüon 

occur simultaneously so the kineiics of the huid pliare mling play an important roie in 

determinhg the charactensties of the product. The influrncc of hydrodynamic canditions on 

the precipitation of calcium phosphate was therefore investigated. A 'wmputational fluid 

dynamics' method was devel@, based ni spatially disiributal moment quatinis, m 

relations for the kinetics of nudeation and gmwth of the pncipilaüog wmpound and on the 

solution of the flow field. The method permits calculatim of local quantities such as liquid 

velocities, local supersatudon and local moments of the W l e  s k  disiribution. The 

method was applied on the precipitation of calcium phwphare in a continuous double-jet 

maeiar. By chmging the location of feed points, the conversion varied from 57 to 83%, the 

average particle size changed by a factor 1.9 and the eoefiicienr of variation of the 

distribution by a factor 1.5. Only a very smail fraction of the reactor volume was effectively 

used for the precipitation. 

The precip*ciio~~ of dc iun i  phosphate in a f l u i d i  bed was s t u d i .  The lunetics of 

homogenous nucleation as wel1 as of aggregaüon were estimated. Substantial pnmafy 

nucleatíon, growth and agregatim of an amorphous modification of calcium phosphate 

proceeded in a short time (- l 0  s) at the bottom of the f l r i idd  bed. These pnmafy particles 

and aggregates, here &led fines, were respectively -0.05 pn and - 100 pm in size. Part 

of these fines aggregaíed with (he sand grains in the fluidized bed, thus wniributing with 

60% to the total removed phosphate. The remaining 40% was removed by molecular gr&. 

OplBnudioa of the phosphaîe removal cif/icien>tcy was achieved by tmproving the aggregaìion 

pnress. The aggregation was described by means of a matheniatical model which took Wo 

competing mechanisms into account: orthokineiic aggregation and breakage. The ortholiinetic 

aggregation was improved by spreading the supersawration more evenly throughout the 

reautor, and breakage was diminished by low energy dissipation rates in the bed. The 

optimum phosphate removal cffciency increased from 50% for war% sand (0.2 to 0.6 mm) 

and fora superficiai velocity of 1.1.1U2 mts to 80% fot fine sand (0.1 to 0.3 mm), fora low 

superficial velocity ( 7 . W  mls) and by spreadiig the base addition wer Wo feed points at 

Wo heights in the bed. 



Tencindc h a  fosforgehalte in oppervlalrtewater te verminderen om euimñërhg tegen tegaan, 
wonka technickai onhvikireld om fosfaat te verwijderen uit afvalwater. De lamte a d  zijn 

de technologische fosfaatverwijderingstoutes vooral gsricht op het afvangen van fosfaat in 

een geeoncentreede vorm, die geschilrt is voor hergebnllk. 

in deze studie, die gericht is op fosMahrenvijjderin door precipiîaüe van calciumfosfaat in 

een gefluïdiseerd bed, werden d de belangrijke prooespuamaers vastgesteid. Magnesium 

en cdmaat ionen in water b l e h  niet Radelig te werken op de fos~erwi jdet ing indien 

&ze ionen-traties van re%peoüevelijk 3.2.1W3 en 1.8.103 kmolm" nief ovemchmh. 

In h a  algemeen werd een fosfd~tvenvijdexingsrendement van 50% benikt. De optimale pH 

daalde bij een tccnanad fcwfaatpebalîe in hei te behandelen water, en lag in h a  aigemeen 

mem de 7.5 en de 9. Voor water met een lage calcium concentratie (< 1.106 kn~olm-~) Lon 

fosfaat worden verwijderd door middel van magnesium fosfaat kristallisatie. 

Teneinde het nndmiait van het procm te verbeterui, werden m t  de belangrijkste 

pro oe ss^^, die in & gdluIdisewde bed reactor opaden, geidenti6ceerd e0 onafhahlijlt van 

ellaar bestudeerd. Deze promm zijn: de axiaie distributie van deeltja in een gefiuïdiJead 

bed, & menging in de vlocistoffase, en de precipitatie van calcium fosfaat. 

Fosfaatverwijderhg in een geîluïdisemd bed berust op de vorming van een fosfaatiaag op de 

korrels in het bed. De auale diibutie van korrels in het bed werd om die reden 

eirpmmenteei vastgesteld en m a  een theoretisch model b e s e h m .  Volledige se$ngatie 

Ueedt op wanneer Iret bed bestaat uit uitsluitend kaie zandkorreis. Zadm d ier  een 

fosfaatlaag gevormd wordt op de mdkomls  vindt menging plaats van de lagen waaruit het 

bed opgebouwd Iran worden gedacht. Dit gedrag h worden beschreven met &n 

mathematisch model, dat gebasend is op oen relatie tussen & supetficiëie vloeistofmekád 

en de porositeit van het bed, op oen stabiiiteitsaiterium voor segregatie voigens weke 

bedlagen met een hogere kddichtheid sgregem naar lagere axiale posiik, en op cen 

vmaiv~udíigde beaehrijving van ha pncigitatieproees. Simulaties warden uitgevoerd 

tpleinde de w h g  van het bed te optimaiisenn wat betreft hd speciiiek oppe1~1ak van dc 
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toegevoerde korrels, aangezien dit oppivkk van invloed is op de fosfaatverwijdering, en wat 

W e f t  het fosfaatgehalte van de korrels in verband met de wmmercii5le waarde van het 

produkt. m e 1  hei specifiek oppervlak van de  zandkorrels als het fosfaatgehalte van het 

produid nemen toe bij gebrnik van fijnkorrelig zmd. 

De precipitatie m calciumfosfaat geschiedt door menging van twee of meer reactanten op 

moleculaire schaal. Aangezien precipitatie een snel proces is, vinden menging en preeipiiatie 

gelijktijdig plaats, d a t  de kinetiek van het m g e n  van de beide reactantai een belangrijke 

rol spelt in de uiteindelijke produktkaralteristiekwi. De invloed van de hydrodynamische 

omstandigheden op het precipitatieproccs van calciumfosfaat werd daarom apart bestudeerd. 

Eai "computatid fluid dynamies" methode werd ontwikkeld, gebaseefd op mimteiijk 

verdeelde vergelijkingen voor de momenten van de pmottwerdeling van de geprecipiteexde 

deeltjes, op relaties voor de kinetiek van kiemvorming en groei van de precipiterende fase 

ai op de berekening van de h-& vloeistofsnelhaleh Deze methode maakt berekening 

mogelijk van lokaiegrootheden mals de lokale ovenienadigingen en de lokale momenten van 

de deeltjesgrootteverdeling. De methode werd toegepast op de precipitatie van caleiumfosfaar 

in een continue double-jet rractor. Door de inlaatpunten voor de voedingsstromen te wijzigen 

valieerde de omzetting tussen 57 en 83%, tenvijl de gemiddelde deelrjesgrwm veranderde 

met een fador 1.9 en de spreiding in de deeltjespmotuverdeling m& een factor 1.5. Alleen 

een kieine fractie van ha reacto~olurne bleek effeetief te worden gebrnikt voor de 

precipitatie. 

Vervolgem werd de precipitatie van calciumfosfaat in een gefluïdiseerd bed nader bestudeerd. 

De kinetiek van homogene nucleatie en van de aggregatie van kleine primaire deeltjes werden 

bij benadering vastgesteld. Aanzienlijke primaire nuclde, groei en aggregatie van een 

amorfe modifmtie van calciumfosfaat trad op in een kort tijdsbestek van ongevsr 10 

seconden in het bodemgedeelte van het gefluïdiseerde bed. De primaire deeltjes en de 

aggregaten, Kir aangeduid met de term fuies hadden een afmeting van respectievelijk - 
0.05 pm en - 100 pm. Een deel van deze fines aggregeerde met de korrels in het bed en 

droegen als zodanig vmr M)% bij aan de fotaal verwijderde hoeveelheid fosfaat. De 

resterende 40% werd afgevangen door het bed via moleculaire groei. 



Optimaliwing van het fostaarvgwijderingsraidemait werd bere& door stimulaing van hei 

agp&pmx De aggregaae werd beschreven met een mathematisch model, waarin twee 

met elkaar 0 0 1 1 0 ~  meohmismen rrten venverkt (vcrdlacaiteerd): orthokinetische 

m e  en breuk. De orihoI0nwische aggregatie kon wordm gesömuleenl door cen meer 

egde dosging van de ovnvemdiging wa de gehele (iengte ven de3 mctor, en breuk kon 

worden vennlnderd b r  het nastreven van een iage mergiedissipatie in h& bed. Het 

optimale fwfaatverwijdefingsrendtmmt kon w worden verhoogd van 50% vwr grofe 

zandkorrels (0.2-0.6 mm d i )  m vmr een superRei2le snelheid van 1.1.1U2 mts tot 

80% voor fijne zandlorrels (0.1-0.3 mm diameter), een lage superfaci1le vlaistofrinelhe-id 

(7 lU3 mts) en door spreiding van & toevoeging van &base over twee voedingspuntm, die 

op twee bedhoogten waren geplaatat. 





This thesis would not have beai a c c o m p W  without the work and help of many popie* 

whom I would Wre to Biank here. F M  I would Wre to mention prof. dr. u. G.M. van 

Rosmalen and dr. ing. O.S.L. Bniinsma, for suppaing and guidiig me at aii times and 

parîicularly at the most diffhlt onw, as w d  as dr. M. Giulietü for the suppm and valuabk 
advice. 

I am g r a m  to the Foundation for Applied Waatewater Research (STOWA), to the Misiry 

of Housing, Physical Planning and Envimment as w& as to the Ministry of Public 

Transport of the Netheriands Por their tìnanciai suppnt. I am alm grateful to the Institute of 

Technoiogicai Reaearch of the State of SHo Paulo, Brazil. The foílowing institutians are 

achiowIcdgeú for the fmitful coopnatioa: DHV Water, HHoah Holland, 

Hoogheemraadsohap van Rijnland, Hoogheemraadschap van de Uitwaterende Sluizen in 

K%nnemerland cn Westfrialand, NOVEM, Riolering en Waterhuishouding Amsterdam, 

REA. and Zuivaingsschap Drenthe. 

The supporting perwnuiel of the Laboratory for Pmcesa Equipment is acknowladged for their 

help. In pariicular I wouid Wre to thank Barl Makhis, André van den Bosch and Leo Kuipers 

for building the experimental set up; ing. Johan Broekais and ing. Carel van Dissel for their 

support and useful advice; Anton van Zeem for the help with bibliographic referaices. Alao 

thanks to ing. Paul Durvilie for the SEM views; to Edith Uijlen and Mieke Tettaoo for their 

patiaiee and support. 

Relevant conaibution was reeeived h m  ir. M.G. van Aken, u. L.M.F. Smeets, u. G.A. 

Steeman, u. M. Kupe~~s, u. S.J. Nijuen, ir. A. Kismanto andir. M.L.J. van Leeuwen, ir. 

B.F.P.M. Koch, M. Staas and F. Flom through heir experimental and thcoretiral wo& 

stimulating diiussions, and pleasant mmpany during their graduation perid. 



CURRICULUM VITAE 

Marcelo Martins Seckier was bom on July 11". 1961, in Rio de Janeiro. Brazil. A& 

ibishing secaidary school in 1979, he began his graduation studies at the Faculty of 

Chemieal Engineering of the Univasity of Sáo Paulo, whieh was interrupted in 1980 for 

military service. In l984 he obtained his degree in Chemical Enginering. 

From 1985 to 1986 he worked fora private e n g i n d g  wmpany in Säo Paulo, Paulo Abib 

S.A. Since 1986 he is a researcher at the Technological Research Institute of Säo Paulo and 

has been mainly involved in topies related to the fertilir industry. In 1988 he joined the 

group of Prof. van Rosmalen in the TU Delff to worL on erystallhtion of calcium sulphate 

for a penod of 3 months, sponsored by the hrazilian govemment (CNPq). In 1989 he 

obtained the degree of Masier of Sciences in Chemical Engineering at the State U n i d t y  

of SHo Carlos with the thesis "Mathematical modellig of a batch reactor for the production 

of phosphdc acid". In the Same year he obtained a 4 year l iw  from his hrazilian 

employer to follow his Ph.D. studies in the Faculty of Mechanical Engineering, Laboratory 

for Proces Equipment of the TU Delft. He studíed the phosphate removal from wastewater 

by a precipitation process, in a project sponsored by the Dutch govemment. This book is the 

result this study. Marcalo returns to Sâo Paulo in Fcbniary, 1994, where he continues to 

work on crystallizatim at his former research institute. 

Marceio is married to Thais Mauad and is going to have a child in april 1994. 




