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ABSTRACT

Dicalcium phosphate dihydrate (precipitate) is used in agriculture as an
additiveto livestock food and as phosphorous containing mineral fertilizer.
There are several methods for its production depending on the mineral
acid used for the decomposition of natural phosphate. The present paper
discusses a process where natural phosphate is decomposed using
hydrochloric acid. This is a chemical technological process consuming
large amount of energy. To assess its exergy efficiency, the exergy method
isused. The aim of the work is to make exergy analysis of the process of
production of precipitate by decomposition of rock phosphate with
hydrochloric acid. The material, energy and exergy balances are made for
theindividual stages of precipitate preparation and for the whole process.
Theinternal and externa exergy lossesare calculated. The exergy efficiency
islow - 2.33 %. Suggestions are made which could increase the exergy
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efficiency up to 21 %.

INTRODUCTION

Thenorma growth of livestock and birdsrequires
adequate nourishment. For thispurpose, mineral sats
areadded to their food to acceleratetheir growth, in-
creasetheir productivity and improve production qua-
ity. These saltsarefrom the group of phosphorous con-
taining mineral substancesthelack of whichinanima
organismssharply decreasestheir productivity, aswell
astheir resistanceto many diseases. Themost widely
gpplied forage phosphateisthe ca cium hydrogen phos-
phate with two molecules of crystallization water
(CaHPO,.2H,0) caled dical cium phosphate dihydrate
or precipitateinindustry and agriculture. It containsthe
two nutritiousel ements phosphorusand calciuminthe
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most favorableratioto satisfy the needsof stock breed-
ing. Dicalcium phosphatedihydrate can dsobeused as
phosphorous minera fertilizer containing 41.25 % di-
gestible P,O,. Thedicalcium phosphate dihydrate (pre-
cipitate) for nutritious purposes contains 43-47 % P,O,
whichissolublein 0.4 % hydrochl oric acid—aconcen-
tration corresponding to that in animal gastricjuice®2.

There are various methods for preparation of
dicalcium phosphate dihydrate depending onthe min-
eral acid used to decompose natural phosphates. The
method used affectsthe composition, purity and digest-
ibility of the product obtained (dical cium phosphatedi-
hydrate). Themost famous production methodisknown
as“‘wet acid” decomposition wheretherock phosphate
(gpatiteor phosphorite) interactswith sulfuricacid. The
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phosphoric acid obtained isthen concentrated and pu-
rified from contaminants. Further, it interactswith a
source of calcium like calcium oxide (CaO) or lime-
stone (CaCO,). Thepurity of the phosphoric acid used
strongly influencesthe quality of the product obtained.
Besides, the production of pure phosphoricacidisquite
expensive. For thisreason, another method for prepa-
ration of dicalcium phosphate dihydrate (precipitate)
has been recently devel oped using the cheaper hydro-
chloric acid for the decomposition of rock phos-
phates®4. The dicalcium phosphate dihydrate
(CaHPO,.2H.0) obtainedisof high purity.

Itiswdl known that thechemicd technologicd pro-
cesseshave usually high exergy consumption. To esti-
matetheir exergy efficiency, one of themodern meth-
ods of thermodynamic analysisisused — the exergy
method. Itsuse providespossibilitiesto determinethe
exergy lossesand theexergy efficiency for every stage
of achemical technological production, and then rec-
ommend measuresfor decrease or elimination of the
high exergy lossestoincreasetheexergy efficiency. The
method ismore and morewidely used for the determi-
nation of the exergy consumption of technical and tech-
nological processes>,

4 Rock
phozphate

10

£ Gas

Theam of the present work isto assesstheexergy
efficiency of the process of production of dicalcium
phosphate dihydrate by decomposition of rock phos-
phatewith hydrochloricacid.

Theliterary survey showed than this process has
not been estimated from the point of view of exergy
consumption. Inan earlier publication™, theauthor has
reported for the exergy analysis of the production of
dical cium phosphate dihydrate (precipitate) but one
obtained from phosphoric acid and calcimine.

DESCRIPTION OF THE TECHNOL OGICAL
PROCESS

A flow diagram of the process of production of
dicacium phosphatedihydrateis presented in Figure 1.

Theinitial materials used for the production of
dical cium phosphate dihydrate (CaHPO,.2H,0) are
hydrochloric acid and naturd phosphatematerid (phos-
phorite). Phosphorite, hydrochloric acid and water are
mixed at preciseratio and themixtureisfedinto Reac-
tor I. The product obtained is phosphoric acid. The
reaction of phosphorite decompositionisexothermic
(it releases heat) and proceeds according to the fol -
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Figurel: Schematic diagram of dicalcium phosphate dihydr ate production
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lowing chemica equation:
CaF(PO,),+10HCI =3H_PO, +5CaCl,+ HF (@)
Thesuspension obtained isthentransferred to Re-
actor Il. Reaction (1) occurs at temperatures 40-50
9C. Under these conditions, HF remainsin the solution
and reactswith themetasilicicacid (H,SIO,) whichis
generated by the acidic decomposition of somesilicates
containedinthe phosphatemateria (phosphorite). Thus,
tetrefluorsilane (SIF,) and fluorosilicic acid areformed
accordingtothereaction:
2H,SI0,+10HF =SiF, +H_SIF +6H,0 2
Theionsof Na", K+ and Ca?* contained intherock
phosphatereact withthefluorosilicicacidtogivedightly
solublesiliconfluorides. To removefluorinefromthe
system, the suspension obtained isneutralized with a
suspension of CaCO, until pH 0.8-1.2in Reactor II.
2HF +CaCO,=CaF,+H,0 +CO, 3
Intense foam formation can be observedinthere-
actor duetotherelease of CO,. With this process, the
following sidereaction takes place:
(al,Fe),0,+2H,PO,+H,0=2(Al, FePO,2H,0 (4)
Themixtureof solid and liquid phasesisthe sepa-
ratedinafilter press. Thesolid resdueiswasted while
theliquid phase containing phosphoric acidisused as
initial materia for the next stage of the process- neu-
tralization with asuspension of calcium carbonate. The
processisperformed in the “Reaction” section to ob-
tain dical cium phosphate dihydrate (CaHPO,.2H,0)
asprecipitate. pH ismaintained in herange 3.2-3.5.
The processoccursaccording to thefollowing chemi-
ca reactions:
2H PO, +CaCO,+H,0=Ca(H,PO,),2H,0+CO, (5)
Ca(H,PO,),+CaCO,+H,0 =2CaHPO,2H,0 + CO, (6)
The suspension obtained isthen separated in the
“Riltration” section using centrifuges. Thewaste water
fromthecentrifugesisdumped into theacidic drainage.
The solid phaseresidueiswet precipitate contai ning
10-15 % moisture. Using conveyor belt, thewet pre-
cipitateistransferred to theinlet of adrying apparatus
type“Air flow tube” wherefluegasesareused todry it
downto 3.0 % moisture content. Thefuel usedisnatu-
ral gas. The precipitateisremoved from thefluegasby
aseriesof cyclonesand sleevefilter. Thus, theemis-
sionsof precipitate powder intheatmospherearere-
duced toaminimum. Theend productiscollectedina
hopper and then transported for packaging.

—= PFyll Pgper
MASSAND HEAT BALANCES

Thematerialsand heat balancesare cal culated for
al thestagesof precipitate production. Theresultsob-
tained for themateridsbdancearepresentedin TABLE
1 whiletheheat loads and heat |ossesin themain de-
vices—inFigurel.

Thematerid sba ance of the processof dicalcium
phosphate dihydrate production are elaborated using
real data. All theresultsare calcul ated per ton of the
product - dicalcium phosphate dihydrate.

Thehydrochloric acid decomposition of phospho-
ritetakes placein Reactor | by reaction (1). Thetheo-
retical consumption of hydrochloric acid with concen-
tration of 11 wet % (point 3in Figure 1) isdetermined
by the content of CaO and contaminantsin the phos-
phorite according tothefollowing reactions:

CaO +2HCl =CaCl,+H,0 (7)
CaCO, +2HCl =CaCl,+CO,+H,0 (8)
CaF,+2HCl=CaCl,+2HF 9)
MgO +2HCl=MgCl,+H,0 (10)

Takingthe CO, content intheinitia phosphatemar
teria, the content of CaOin CaCQ, isca culated using
reaction (11) whiletheremainder of CaOisfreetore-
act withthe hydrochloric acid by reaction (7).
CaO+C0,=CaCo, (1)

All thechemical reactionstaking placein thereac-
tor areirreversible so the cal cul ations are stoi chiomet-
ricaccordingtothereections. Thetota amount of phos-
phorusintroduced into the system with the phosphorite
isnot transformed into phosphoric acid. Phosphorusis
introduced as phosphorus pentoxide (P,O,). Part of it
reactswith theiron and aluminium oxides (R,0,) con-
tained asaloysintheinitial materia togiveiron and
auminium phosphateswhichremaninthesuspenson
obtained (point 6 in Figure 1). The reactions are as
follows

P,0,+3H,0=H PO, (12)
Fe,0,+2H,PO, = 2FePO, + 3H,0 (13)
AlLO,+2H_ PO, =2AIPO, +3H,0 (14)

Therock phosphateintroduced isnot fully decom-
posed. It iscalculated that the coefficient of decompo-
sition of the phosphate materia isabout 90 %. Therest
isnot decomposed and passestotheinsolubleremain-
der. Thewater introduced in Reactor | withtheinflows
isconsumed for theformation of phosphoric acid ac-
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TABLE 1: Thein- and outgoing flowsof theprecipitate production
Tempe- Composition, wt % Amount, Exer gy
Flow,"  rature,© Caco M — Inso- luble kgt™ flow,
HCI 5 Hzo P205 Ccao Og R203 Can S|Oz residue COZ 503 NazO Kzo product kag‘l
. i';yd“"‘:h' oic 25 3300 67.00 200898  942.00
5997.74
28,15 Water 18 100.00 38.90 161.65
1995.26
2(': i';yd“"‘:h' oic 35 1100 89.00 899672 43148
4. Rock 30 1.00 28.0047.00 0.70 055 7.00 2.00 3.00 700 250 110 015 164594  1944.52
phosphate
7.14.Limestone 25 98.88 0.30 0.45 0.04 0.33 111457096 134.46
9,16. Suspen- 50.04
s of o000, 30 2200 77.82 0.10 0.01 0.07 otz 16167
CaF». N .
H202 RPO, CaSO4MgCI2 HF CaCIz S”?Z K,>SiFg
6. Suspension 50 76.15 3.88 0.17 067 023 0.04 412 006 1415 047 006 1043072 39355
11.Suspension 50  0.10 76.20 3.86 0.17 067 023 0.04 4.10 002 1409 047 005 1047595  380.73
12. Sediment 40 060 23.08 1.02 399 139 025 2448 4207 282 030 175458 44450
13. Solution of
thephosphoric 48 86.88 4.64 002 846 872137  339.19
acid
F CaHPO,.2H,0
18. Suspension 43 84.43 0.04 0.02 001 0.02 8.80 6.68 11039.12 22241
19. Waste water 40 92.47 0.04 0.03 0.02 7.44 883873.16  217.13
20. Washing 18 100.00 873952.00 16165
water
21. Wet product 40 13.03 0.09 86.88 111776 23102
28. Product ~ 55 2.90 0.10 97.00 100000  230.96
precipitate
SF, HF 0> N, CHs CoHe CsHsg CaH1oCsH1CeHe CO,
5. Gas 50 652 126 37.86 5436 21194 60226
10. Gas 50 10000 485 453.42
17. Gas 43 10000 24847 45366
22.Natural gas 25 1.30 94.41 2.22 115 053 013 005 021 4241  51199.93
23. Air 25 1.47 22987555 834.42 0.00
24. Flue gas 1235 12.02 2.85 71.97 1316 87683 103846
i‘?} Secondary 25 1.47 22987555 7645.73 0.00
ggéM'Xed Flue 513 256 20.8975.20 135 852256 4866
;765“;9""5""”“ 85 3.77 18.4766.48 001 1007 120 964033 3555
29. Gasand dust
tothe 75 3.87 20.6174.17 0.01 134 864033 8.96
atmosphere

cordingtoreaction (12) (153.97 kg/t product), asmall
part of it evaporates and passesinto the gaseous phases
(flow 5—80.24 kg/t product) and theremaining partis
liquid phasein the suspension (flow 6- 7789.23 kg/t
product). In Reactor 11, theinflowing suspension ispu-
rified fromtheHF it contains. Thedegree of purifica
tionis80 % and themainreactionis:

2HF +CaCO,=CaF,H,0+CO,

(15)
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Theamountsof CaF,.H,0 and CO,, aswell asthe
amount of CaCO, consumed are cal cul ated stoichio-
metrically from reaction (15). The whole amount of
CaCO, introduced interactsby reaction (15).

Thefilter press separatestheliquid and the solid
phases. Thesolid phaseiscalled precipitateor dime. It
carries 50 % of the CaCl, introduced and 30 % of the
water.
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Inthe““Reaction” section, the main reactions (5)
and (6) between the phosphoric acid and calcium car-
bonate take placeto obtain dica cium phosphate dihy-
drate (precipitate). Therequired amount of calcium car-
bonate sol ution which should be introduced and the
amount of precipitateobtained are cal culated stoichio-
metrically. From the PO, introduced, 99 % react ac-
cordingtoreaction (12). The precipitate obtai ned after
filtration contains 13 % moisture.

Itisdriedinanair flow dryer with flue gases. For
thispurpose, material baance of theburning processis
elabirated. Thefud usedisnatura ges.

Reactionsof burning:

CH,+20,=C0,+2H,0 (16)
C,H,+350,=2C0,+3H,0 a7
C,H,+50,=3C0,+4H,0 (18)
C,H,+6.50,=4CO,+5H,0 (19)
CH,,+80,=5C0,+6H,0 (20)
CH,,+9.50,=6CO,+7H,0 (22)

Thecalculationsarecarried out at burning air ex-
cessa = 1.15 and relative humidity of air ¢ =75 %.

Thequantities of the componentsintheair andin
theflue gasproduced are determined. Asthefluegas
leaving the burner hastemperature as high as 1200°—
1300 °C whilethedrying should be carried out at 70-
80°C, additional air flow isrequired to decreasethe
flue gas temperature to 213 °C. The amount of sec-
ondary air introduced in the mixer isdetermined from
the heat balance of the mixer.

Themoisture content in theend product should be
maximum 3 %. Thetotd efficiency of thecyclonesand
thesleevefilter isabout 99.88 %. Theallowable dust
contentinthegasrel easesin theamosphereis150 mg/
m3418, The product lossis about 0.12 % of thetheo-
retical amount of dry dicalcuim phosphate dihydrate
which should be obtained.

For theformation of the heat balance, al physical
heats of theinflowsand outflows, aswell asthe heat
effectsof thechemica reactionstaking placeintheap-
paratuses are taken into account. The physical heats
(Qy e ) e CAlcul ated using the formul &),

Qe =C,1-G (22
where C, Istheisobaric specific heat capacity of the
materia flow inkJKg; tistheworking temperaturein
theflow, K;Gistherateof themateria flow, kg/h.

—= Full Paper

Thematerial flowsareregarded asidea mixtures
of individua substancessincetheprocessesinthepro-
duction studied occur at atmospheric pressure?. Their
isobaric specific heat capacity iscal culated by sum-
ming theisobaric specific heat capacitiesof thecom-
ponents present in theflow. The heat effectsof there-
actionsaredetermined by the Hess’slaw at T=298 K
from the standard heats of the formation of the prod-
uctsand theinitia substancestaking part in thereac-
tiong92;

AHS o= ZAH Oproducts - XAH Oinput compounds (23)
where AH® . — heat of the reaction, kJ/mol;
ZAfHOpro s — SUM of the heat capacities of the end
products, kJ/mol (standard enthal py of formation);
ZAfHOinp w1 compounds — SUM of the heats of formation of
theinitid substances, kJmol (standard enthal py of for-
meation)

The heat released by the burning of natural gasis
ca cul ated from the heats of the burning of itscompo-
nents?.

The heat lossesare cal cul ated asthe difference be-
tween the heat introduced in the system and the heat
carried out of the system.

EXERGY BALANCE

Based onthematerial and heat ba ancescal culated,
the exergy balances of the whole production line of
dicalcium phosphate dihydrateand theindividuad stages
are made (TABLES 2- 12). For this purpose, the
exergiesof theman materidsand energy flowsarepre-
liminarily cal culated for the system(>624, Each materia
flow taking part in the processes studied consistsof a
number of individual substances. Some of the materia
flowsarein gaseousphase, othersarefluid or solid. All
themateria flowsstudied are at aamospheric pressure.
Therefore, the exergy of each phaseisconsidered to
betheexergy of anided mixtureof individua substances.
Theexergy of each material flow iscalculated asthe
sum of itsphysical and chemical exergy and theexergy
of mixing(TABLE 1):

e =e, PH 4 e, CH 4 e, mixing (24)
e M=(h-h)-T,(s-s) (25
where h and sare the enthal py and entropy of the ma-
terid flow at itsworking parameters (temperature, pres-
sureand composition), respectively, whileh, and s, -

) CHEMICAL TECHNOLOGY

Hn Tndéan g%wumé



66 Exergy analysis of the process of production of dicalcium phosphate dihydrate

Full Paper ==

the enthal py and entropy under environmental condi-
tions, T,=298.15K and P, = 101 325 Pa.

Theenthd py and entropy of amixtureof substances
areca culated by summing the enthal piesand entropies
of theindividua substancespresent inthemixture. The
vauesof theindividud enthdpiesand entropiesaretaken
fromreferenceliteraturd'®20%28, Thechemical exergy
isca culated using themethod of Szargut describedin,

Theexergy of mixingiscadculated by theformula
E_ ™9 =-RT EXInx, (26)
whereRistheuniversa gasconstant, T, istheenviron-
mental temperature (298.15K) and x, isthemolefrac-
tion of thei component of the mixture.

Thedead sateconditionsindl thecd culaionswere:
temperature T, = 298.15 K, pressure P, = 101 325 Pa
and composition x, = Szargut model 2.

Theinflowing exergy isca culated asthesumof the
exergiesof al theincoming flowsinthe system ana-
lyzed: E, . Theoutflowing exergy iscal culated asthe
sumof all the useful flowsthat leavethesystem: E .
Thedifferencebetweeninflowing and outflowing exergy
streamsisthenet exergy loss, D:

D=E,-E,, (27)

Thetotal exergy lossesare gpportioned to internal
and externd regions. Theexternal exergy lossesarethe
sum of theexergiesof material and energy flowsthat
aredischarged in theenvironment without further utili-
zation, D . Theinternal exergy lossesD, , aredeter-
mined asthedifference between thetotal and the ex-
ternd exergy losses:

D, =D-D_, (28)

Theexergy efficiency n, isdetermined astheratio
of outfl/owingtoinflowing exergy>?2.

(29)

DISCUSSION ONTHE RESULTS

Theexergy efficiency calculated (h ) for thewhole
production of dica cium phosphate dihydrateis2.33 %
(TABLE2).

Thevaluesobtained showsthat the production of
dicalcium phosphate dihydrate obtained by decompo-
sition of natural phosphate materia with hydrochloric
acidisthermodynamically imperfect.

Thetota exergy losses of the processstudied are
quitehigh (9692.59 M J/t product) and 36.61 % of them

CTAIJ, 9(2) 2014

TABLE 2: Exergy balance of the processof thedicalcium

phosphatedihidrateproduction
Input Output
Number, exer gy, exer gy,
Flows Moy Number, Flows -y 5
'product product
1 _Hydrochlonc 282506 28. Product 230.96
acid precipitate
2,815. Water  1298.36 Useful exergy 230.96
Externa exergy
féCTOSphate 3173.69 lossesfrom 3254.08
the material flows:
7,14. Limestone 78.27 5. Gas 127.64
23,25. Air 0.00 10.Gas 2.21
22. Natural gas 2171.56 12. Sediment 779.92
Electricity 376.62 17.Gas 112.69
19. Waste water 2154.20
29. Gasand dust to
the atmosphere 742
Externa exergy
losses from the 294.07
heat l0sses
Internal exergy 6144.44
losses
Total exergy losses  9692.59
Tota 9923.55 Total 9923.55

Exergy Efficiency = 0.0233

aredueto the external exergy losses whilethe other
63.39 % aredueto internal exergy losses (TABLE 2
and Figure2).

It can beseen from thetotal exergy balance of the
production of dicalcium phosphatedihydrate (TABLE
2 and Figure 3) that the highest exergiesare observed
for theexergiesof theinflowing hydrochloric acid with
concentration of 33 mass %, therock phosphate (phos-

36.61 % 63.39 %

* Internal exergy losses

= External exergy losses

Figure2: External and inter nal exer gy lossesin the produc-
tion linefor dicalcium phosphatedihydrateasper cent of the
total exer gy losses
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phorite), fresh water and the natural gas. At the same
time, the exergy of the product obtainedislow. This
resultsinlow exergy efficiency of thewhole process
(2.33%).

28.47 % Hydrochloric
acid
M Water
B Phospate rock
13.08 Yo

M Limestone

B Natural gas

O Electricity
Figure3: Distribution of theexer giesof theinflowshy the
production of precipitasteas per cent of theinlet exer gy

Thevaueof theexterna exergy losseswith mate-
ria flowswhich remain unused but aredumped into the
environmentisalso high (Figure4and TABLE 2). The
comprise 91.71 % (3254.08 M J/t product) of all the
external exergy |osses.

10. Gas
O17. Gas
29 .Gas and dust

@5Gas
12. Sediment
B 19. Waste water

Figure4 : Distribution of the exter nal exer gy lossesfrom
thematerial flowsasper cent of thetotal exer gy losseswith
material flows

Thewastewater fromthecentrifugeshashigh exergy
(66.2 % of all theexternd exergy losseswiththe mate-
rial flows), aswell asthe sediment at filter-pressoutlet
whichis23.96 % of the exergy losseswiththematerial
flows. Thematerial ba ance showed that the sediment
contained about 42 % CaCl,, about 24.5 % insoluble
residue and about 23 % water (TABLE 1). It can be
seen that the sediment carries va uable componentsas
calcium dichloride and about 10 % P,O, which is
present in theinsolubleresidue sinceitsdegree of ex-
tractionfromtheinitia phosphoriteis 90 %. Fromthe

—= Full Paper

initid raw materias, phosphoriteand hydrochloric acid,
phosphoric acid isobtained whichisfurther usedinthe
processfor the production of thegoal product precipi-
tatebut, smultaneoudy, cacium dichlorideisproduced
whichisdischarged asswastematerid. Therefore, exergy
isintroduced with the phosphoriteand hydrochloricacid
and part of it isused to obtain phosphoric acid neces-
sary for themain processbut the other part of theexergy
introduced isused for generation of the waste product
CaCl.,.. About 66 % of the exergy losseswiththe mate-
ria flowsare dueto the waste water from the centri-
fuges containing about 7 % CaCl,, (Figure 4).

Smaller part of theexternal exergy lossesare due
to the gaseous phasesrel eased in the atmospherefrom
Reactors| and 11, Section “Reaction” and dust emis-
sionsintheatmosphere. The highest portion of theex-
ternal exergy losesfrom the heat losses (237.95 M J/t
product) isgenerated inthe““Drying” section (Figure5
and TABLE9).

Theinternal exergy losses are mainly dueto the
irreversibility of thereactionstaking placein Reactor |
(45.8%of dl theinterna lossesinthe system), in sec-

:, J— 237.95

S 5 200

7 2 150

[+ 3] —

-3 22.08

57 %01 146 594 047 4.46 7.58

o A B EE — B G
P 0 -

ks

1 2 3 4 5 6 7 8

Apparatus
Figure 5: External exergy losses from the heat losses in
individual apparatusesof precipitateproduction.

1- Reactor |, 2- Reactor |1, 3 — Filter-press, 4- Section “Reac-
tion”, 5- Section “Filtration”, 6- Burner and Mixer, 7- Air flow
dryer, 8- Cyclones and Filter

tion “Reaction” where precipitateis produced (13.8
%) andinthe burning chamber wherefue burns(28.04
%), (TABLES3-10, Figure 6). Thesereactions cannot
be avoided.

From thermodynamic point of view, thedirect hegt-
exchange and mixingtaking placeintheair flow dryer
and inthemixer of theflue gaswith secondary air are
ineffective processes(Figure 1). Thisineffectivenessis
dueto theexergy losses of theirreversible process of
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TABLE 3: Exergy balanceof the Reactor |

TABLE 4: Exergy balanceof theReactor 11

Input Output Input Output
Number, exer gy, Numberp exer gy, Number, exer gy, Number exergy,
Flows MJ.t Flows MJ.t? Flows MJt?t Flows MJ.t?
'product product product product
3. 6. Suspension 410501 11. Suspension  3988.52
Hydrochloric ~ 3881.94 6. Suspension  4105.01 9. Suspension
ic'g,q 11;’1/0 of CaCO; 22 810  Useful exergy  3988.52
P A€ 317360 Useful exergy 410501 %
roc External exergy
Externall Electricity 49.77 lossesfromthe 2.20
Electricity 82.96 ?rxoer:qg%lh:m 127.64 material flows:
materid flows: é?(tecragz exergy 2.20
5. Gas 127.64 lossesfromthe 1.16
External heat |osses
exergy losses Total external
fromthehet 228 g o 33
|losses Internal exergy
171.00
Zf;aéfl‘tema' 149.72 losses
0Sses Total exergy
174.36
nernal ey 2833.86 losses
Total 4162.88 Total 4162.88
Totd exergy 333358 fficiency = 0.958
|0sses . Exergy Efficiency = 0.9581
Tota 7138.59 Total 7138.59 o1
Exergy Efficiency = 0.5750 5 :1.10 %
28.040  20% 45.80 % a2

heat- and mass-exchange between the product and air

TABLE 5: Exergy balanceof theFiltration.

Input Output
Number, exer gy, Number, exer gy,
Flows MJ.t Flows MJ.t™t
'product product
11 13. Solution of
Su. . 3988.52  thephosphoric  2958.21
Spension acid
Electricity 33.18 Useful exergy 2958.21
Externa
exergylosses 744 g5
from the
materia flows:
12. Sediment 779.93
Externa
exergy losses
from the heat 5.94
losses
Total externa 785.87
exergy losses
Intemnal 277.62
exergy losses
Total exergy 9569 49
losses
Tota 4021.70 Totd 4021.70

Exergy Efficiency = 0.7356
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Figure 6 : Distribution of the internal exergy losses per
apparatusasper cent of all theinternal exergy lossesin the
precipitateproduction

1- Reactor |, 2-Reactor 11, 3- F press, 4- Section “Reac-
tion”, 5- Section “Filtration”, 6- Burner and Mixer, 7 — Air
flow dryer, 8 — Cyclones and Filter.
intheair flow dryer and between flue gasand second-
ary arinthemixer. Theinterna exergy lossesinthese
gpparatuses aread so dueto themixing of materid flows
with different temperatures. During drying, thewet prod-
uct with temperature of 40°C ismixed with thefluegas
which hastemperature of 213°C (TABLE 1). Inthe
mixer by theburner, flue gaswith temperature of 1235
°C ismixed with secondary air which hasambient tem-
perature (TABLE 1).

Thefluegasisfedintothedrying processat tem-
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TABLE 6: Exer gy balanceof the Section “Reaction”

TABLE 7: Exergy balanceof the Section “Filtration”
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Input Output Input Output
Number, Xer gy, Number exergy, Number, exer gy, Number, exergy,
Flows MJtt Flows MJt™ Flows MJt Flows MJt™
product product 'product product
13. Solution 18. 21. Wet
of the 18. Suspension 2455.24 product 258.23
. 2958.21 . 2455.24 -
phosphoric Suspension Electricity 119.45  Useful exergy ~ 258.23
acid External
éﬁ- . exergy losses
PENSON 41488 Useful exergy ~ 2455.24 from the 2154.20
22% flows:
Externd 19. Waste
Electricity 24.89 from the 112.69 External
material
_ exergy losses
flows. from the heat 4.46
17. Gas 112.69 losses
Externd Total externa
0.17 ay
from the heat Internal
old externa 15 g6 Totdl &Gy 906 46
exergy losses losses :
Internal
829.88 Tota 2574.69 Total 2574.69
exergy losses — —
Total exergy 94274 Exergy Efficiency = 0.1003
losses ' if theproduct to bedried isfed intotheair flow dryer at
Total 3397.98 Totd 3397.98

Exergy Efficiency = 0.7225

TABLE 8: Exergy balance of theBurner and Mixer

Input Output
Number, exer gy, Number exer gy,
Flows MJ.t Flows MJ.t?
oroduct product
22. Naturd 2171.56 26. Mixed 1471
gas flue gas
23,25. Air 000 U 414.71
exergy
External
. exergy losses
Electricity 16.59 from the heat 7.58
|osses
Tota external 758
exergy losses
Internal 1765.86
exergy losses
lTOta' XY 177374
0sses
Total 2188.15 Total 2188.15

Exergy Efficiency = 0.1895

perature of 213 °C whilethe product to be dried has
temperature of 40 °C. Theselosses could be reduced

higher temperature. From technological point of view,
however, the product temperature should not exceed

50 °C sincethe unstable form of calcium phosphate

called monetite (CaHPO,) will be obtained. The heat

TABLE 9: Exergy balanceof theAir flow dryer

Input Output
Number, exer gy, Number, exer gy,
Flows MJ.t Flows MJ.t?
'product product
21. Wet 27. Flue gas
product 258.23 and product 342.74
f2|6' Mixed 41471 Useful exergy  342.74
ue gas
Externa
. exergy losses
Electricity 49.77 from the heat 237.95
losses
Total external 23795
exergy losses
Internal 142 02
exergy losses '
Total exergy 379.97
losses '
Total 722.71 Total 722.71

Exergy Efficiency = 0.4742
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TABLE 10: Exergy balanceof the Cyclonesand filter

Input Output
Number, exer gy, exer gy,
Flows Mar  Number, Flows oy, g4
'product product
27. Flue
gasand 34274 zféc??tda‘:gt - 230.96
product precip
Electricity 49.77 Useful exergy 230.96
Externd exergy
losses from the
material flows 77.42
29. Gasand dust 77.42
tothe
atmosphere
Externd exergy
losses from the 14.73
hesat 10sses
Total externa 9215
exergy losses
Internal exergy
losses 69.40
Total exergy 161.55
losses
Tota 39251  Totd 392.51

Exergy Efficiency = 0.5884

of thereaction by which dica cium phosphatedihydrate
isobtained allowsincreasing itstemperature up to 40
°C. Toincreasethetemperaturefurther to 50 C, addi-
tiona heat should besupplied whichisinefficient unless
thereiswaste heat which could be utilized.

Thelowest exergy efficiency (10.03 %) has sec-
tion “Filtration” (TABLE 7) since major part of the
exergy introduced isdumped into theenvironment with
thewastewater. The use of wastewater could increasse
the exergy efficiency of the section upto 93.7 %.

The second lowest exergy efficiency isobservedin
the subsystem burner-mixer whereh, = 18.95%. Here,
thelow exergy efficiency isduetotheirreversibility of
the burning processand theirreversibility of the pro-
cessof mixingthefluegaswith secondary air. Thetem-
perature difference between theflows mixed isvery
high —theflue gas hastemperature of 1235 °C while
the secondary air hasambient temperature.

It can be seen from the exergy balances madefor
the subsystem for production of phosphoric acid and
thesubsystem for neutralization of the phosphoricacid
to obtai n dicalcium phosphate dihydratethat thel atter
subsystem has very low exergy efficiency — 4.02 %
(TABLES11-12). There are several reasonsfor this.

First, thematerial flows supplied to thissystem are of
very high exergy. The solution of phosphoric acid has
exergy of 2958.21 M J/t product and theexergy of the
natural gasis2171.56 M J/t product. At thesametime,
theend product (dical cium phosphate dihydrate) has
low exergy and highinternal and externa exergy losses.
Thehighest external exergy lossesarewith thewaste
water discharged (2154.20 MJ/t product). Theinter-
nal losseswhich arefound to be 2907.20 M J/t product
areduemainly totheirreversibility of thereactionstak-
ing placein section “Reaction”, theirreversbility of the
burning processin theburner andtheirreversibility of
themixinginthemixersand theair flow dryer.

Several suggestion can bemade on thebasisof the
exergy anaysisof thedicalcium phosphate dihydrate
productionwhichwould result inincreased exergy effi-
ciency and decreased exergy losses.

1. Part of thewastewater after the centrifugescould
be used to dilute the hydrochloric acid to 11 % and
prepare asuspension containing 22 % CaCO,. For this

TABLE 11: Exergy balanceof thesubsystem for production
of phosphoricacid

I nput Output
Number, exer gy, Number, exer gy,
Flows MJ.t Flows MJ.t?
'product product
1 13. Solution
' . of the
Hydrochloric ~ 2825.06 . 2958.21
adid ph_osphorlc
acid
2,8 Water 975.82 Useful exergy  2958.21
Externa
exergy losses
4. Phosphale 317369 from the 909.77
rock .
materia
flows:
5. Gas 127.64
10. Gas 2.20
12. Sediment 779.93
Externa
. exergy losses
7. Limestone 1.50 from the heat 29.19
losses
Total externa 938.96
exergy losses
Internal 3244.81
exergy losses
Electricity 165.91 ITOta' O 418377
0Sses
Total 7141.98 Tota 7141.98

Exergy Efficiency = 0.4142
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TABLE 12 : Exergy balance of the subsystem for
neutralization of thephosphoricacid, production and drying
of theprecipitate

Input Output
Number, exer gy, Number exer gy,
Flows MJ.t Flows MJtt
Iproduct product
13. Solution
ofthe oog21 28 Product o0 o0
phosphoric precipitate
acid
14. 7677 Useful exergy  230.96
Limestone ’ '
External
exergy losses
15. Water 322.54 from the 2344.31
materia
flows:
Sg'sNat”rd 217156  17.Gas 112.69
23, 25. Air 0.00 19.Waste 2154.20
water
29. Gasand
dust to the 77.42
atmosphere
External
exergy losses
from the heat 257.32
losses
Tota external 2601.63
exergy losses
Internal 2907.20
exergy losses
. Total exergy
Electricity 210.71 losses 5508.83
Total 5739.79 Totad 5739.79

Exergy Efficiency = 0.0402

purpose, 8031.92 kg/t product waste water are nec-
essary. Thetotal amount of wastewater after the pro-
cessof centrifugingis9921.36 kg/t product. Thus, the
amount of waste water dumped into the environment
would decrease to 1889.44 kg/t product. Thos flow
would have much lower exergy - 410.25 M J/t prod-
uct. Therefore, if part of wastewater exergy isused for
dilution of thehydrochl oric acid and preparation of sus-
pension of calcium carbonate, theinput exergy of wa
ter isdropped out, theinput exergy for thewhole pro-
duction would become 8625.19 M J/t product while
the exergy efficiency wouldincreaseto 2.70 %.

2. The sediment after filter press can be used to
extract the val uable component it contains— calcium
dichloride. Thus, asthe sediment exergy would not be

—= Full Paper

carried out of the system sinceit isutilized, the sedi-
ment exergy would beadded to the useful exergy of the
end product. Therefore, the useful exergy at theoutlet
would become 1010.88 MJ/t product
(230.96+779.92=1010.88 M J/t product). Theexergy
efficiency coefficient increasesto 11.72 %.

3. After theburning chamber, fluegasof hightem-
peratureisobtained but itsheat isnot used. Thisheat
can be utilized for the preparation of saturated 0, 35
IPa steamfor export or for own technological needs.
The heat taken from the flue gas by its cooling from
1235 to 213°C is 1153.78 MJ/t product. From it,
537.09 kg/t product steam with exergy of 391.64 MJ/
t product can be obtained. Inthiscase, the team exergy
would be added to the useful exergy (1010.88 + 391.64
=1402.52 1Jt product). Theexergy efficiency would
increaseto 16.26 %.

4. Use rock phosphates of high P,O, content —
about 38-40 % instead of 28 % asitisassumed for the
cdculatiions Theuseof phogphateraw materid of higher
quality would result in reduced consumption of phos-
phorite from 1645.94 kg/t product to 1152.16 kg/t
product. Thus, the exergy consumption of the main
exergy carrier at the input — phosphorite, would de-
crease by about 30 % to 2221.58 M J/t product. Be-
sides, theamount of hydrochloric acid required for the
decompasition of thisamount of phosphoritewould dso
decreaseto 1919.35 kg/t product or by 36 % less hy-
drochloric acid. Then, the exergy of the hydrochloric
acid at theinput would a so decreaseto 1808.05 M J/t
product. Theexergy at theinput of thewhole produc-
tionlinewould decreaseto 6656.07 M J/t product and
the exergy efficiency would increaseto 21.07 %.

CONCLUSION

Thematerial, energy and exergy bal ances of the
processof production of dicacum phosphatedihydrate
and itsmain stagesare made. Thetotal, externa and
internal exergy losses are determined, aswell asthe
exergy efficiency. The processisfound to havevery
low exergy efficiency—2.33 %. Thetotd exergy losses
are high and 36.61 % of them are external whilethe
other 63.39 % areinterna losses. Theexterna exergy
losseswiththemateria flowsisvery high—91.71 % of
al theexterna exergy losses. About 66 % of theexergy
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losseswith materia flowsare dueto the waste water
from the centrifugeswhich contains about 7 % of the
valuablecomponent CaCl.,. Theinternal exergy losses
aremainly duetotheirreversibility of thereactionstak-
ing placein Reactor | (45.8% of all theinterna exergy
losses), in section “Reaction” (13.8 %) and in the burn-
ing chamber (28.04 %).

Suggestionswere made whichwould lead to in-
creased exergy efficiency of the production line stud-
ied.:

1. Part of thewaste water after the centrifugesvan
be used for dilution of the hydrochloric acid to 11%
and preparation of a suspension containing 22 %
CaCO,. Thus, theexergy efficiency increasesto 2.70
%.

2. Thefiltrate after thefilter presscan beused to
extract the valuable component it carries— calcium
dichloride. Theexergy efficiency increasesto 11.72 %.

3. After theburning chamber, hightemperatureflue
gasisgenerated but itsheat remainsunused. Thisheat
could be utilized for production of saturated 0, 35 1pa
steam inquantity of 537.09 kg/t product which canfur-
ther beexported or used for own technol ogical needs.
Theexergy efficiency increasesto 16.26 %.

4. Natural phosphates of higher P,O, content (38-
40 %) should be used instead of 28 % asis assumed
for thecaculations. Thus, theexergy efficiency would
increaseto 21.07 %.
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