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ABSTRACT

A mass balance computer program, which calculates the concentrations of some macro and
micro components In the process streams of a Norsk Hydro hemihydrate (HH) and
hemidihydrate (HDH) phosphoric acld process, has been developed. The program
demonstrates the reduced disposal of impurities and phosphate via the caiclum sulfate slurry
in & HDH process compared to a HH process, as well as the higher dlsposal of impurlties In
case of lower wash, fllter or recrystalllzation efficlency or anhydrite formation. Which step in
the process can best be optimized for achleving the best process performance can be sorted
out using the prograrn.

INTRODUCTION

Calclum sulfate, which s formed during phosphoric acld production, is usually dlsposed as an
unwanted byproduct and should thus have an accepieble purity for environmental reasons.
The quality of the produced phosphoric acid also largely depends on the concentrations of
minor impurities. Therefore control of these concentrations in the calclum sulfate as well as
in the phosphoric acld s & stringent demand. Control and optimization of the impurity
concentrations in the several process streams require a detallsd mags balance and the
knowledge of parameters such ag the composition of the ore and the distribution cosfficients
of impuritles in the respective calclum sulfate hydrates. A distribution coefficlent K ia deflned
as the concentratlon of the impurity In the particular crystals divided by Its concentration of
the mother llquor, thus K = [lmpurity]c MIHLI/'[h'm:n.u*lt),r]Ij yor- 18 value 1s influenced by a large
number of parameters |lke the annlling calciu‘}n/l;;ulfnte concentration ratle or
stoichiometry, the supersaturation and the presence of other impurities. From literature [1,2]
the K values are known for a large number of ions In the three calclum sulfate phases and
the most accurate distributfon coefficlents are of course those determined in the same type
of process under similar process conditlons with the same ore.

With these K values and a computer model of the mass balance the Impurity concentrations
in the process streams can be calculated. In this paper the effects of the wash, fllter,
digestion and recrystallization efficiencies and of the anhydrite formation in the Norsk Hydro
HDH process are evaluated while also the HDH process is compared with the HH process.

Finally the relation between the K velues in the HH and DH and the resulting impurity
concentrations in the disposed calclum gulfate wlll be demonstrated.

DESCRIPTION OF THE COMPUTER MODEL

In 8 HDH process three process steps, can be distingulshed [3]:
a digestion step (1), a HH crystallization step (2) and & HH Into DH recrystallization step (3):

Cag(PO4)gCaFy + 4 HgPO, + 10 HY —> 10 CaHyPO," + 2 HF 4 (D
10 CaH,PO," + 10 HyS0, + 5 HyO —> 10 CaSO4.1/2H,0 + 10 HgPO, + 10 H' (2)

10 CaS0,4.1/2Hg0 + 71/2 HyO --> 10 CaS04.2H,0 | @)
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Figure 1 and 2 show the process schemes for a Norsk Hydro HDH and a Norsk Hydro HH
process. The digestion almost exclusively takes place in tank A, while the HH crystallization
occurs mainly In tank B (70 % compared to 30 % In A). Because of a large slurry recycle flow
(recycle ratio of 8), no distinetion can be made between HH crystals formed In tank A or B. In
the model A and B are therefore represented by a single reactor. The recrystallization of HH
inte DH In the HDH process takes place In tank C, which In practice conalats of 1 or 2
reactors in series.

The process conditions of the HH and HDH process are given in table 1.

TABLE 1 - THE APPROXIMATE PROCESS CONDITIONS IN A HH AND A HDH PROCESS

r HH section DH section
(HH or HDH) | (HDH)
total residence tme in section 5 hrs 5 hrs
solid content 33 w% 40 w%
temperature 95 °C 60 °C
H,PQO, concentration 58 w%h ($4) 8wk (b))
H,S0, concentration 2w%h (d4) S5wh (P

The model consists of detalled mass balances of both the macro components like P, Ca, S and
the micro components over the reactors and the several fllter sectlons. The equations are
solved with the software package MathCad ™M (see appendix 1).

In the calculation of the mass balances the following assumptions are made for the standard
CARW

[} The reactors are congldered to be contlnuous stirred tank reactors.
ii) All reactlong occur excluslvely In the reactors and not in the plpes or fliter sections.

[ii) The reactlon kinetics of the digestion and (re)crystallization processes are not rate
determining.

Iv) The impurities enter the plant only with the ore. Losses via off gases are neglected.

v} The concentrations of the micro components are so low (ppm level), that they do not
Influence the concentratlons of the macro components (% level). This implies that the
distribution coefficlents of the micro components and thelr concentrations can be varied,
without Influencing the mass balance of the other components.

vl) The llquor, attached to this fliter cake has the same composition as the filtrate.
Deviations from this assumption are taken into account as a wasgh effleioncy.
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Figure 2 A Norsk Hydro HH process.

The computer model requires sgeveral Input parameters. In casze of the HDH process
conflguration the input parameters are the total mass flows (§,,) of the streams 1, 2, 6, b, 10,
11, 14, 16, 19, 21 and 23 and the HH and DH mess flows. Except for the streams 9, 11 and 21
all these streams are coupled, which means that upon changing one stream the total mass
balance for all streams has to be recalculated and fed agealn into the programme. Further
input parameters are the concentrations of the components In the ore, the distribution
coefflclents of these components for the HH and DH and the wash eofficiency, discussed In
gection 3.4,

The output of the computer model consists of the mess flows and concentrations of all
components in the different process streams. In this paper only the concentrations in the
product acld (PA), the hemihydrate (HH), the recrystallzation liquor (CL) and the dihydrate
(DH) are discussed. The conversion liquor (CL) composition is representative for the
concentrations In the dihydrate section.



227

3. RESULTS AND DISCLISSION
3.1. Varification of the model

The concentrations of the macro and micro components in the four above mentioned streams
of the HDH process of Hydro Agrl Rotterdam B.V. (HAR) were slmulated with the computer
model and compared with anelyzed concentrations In the real process.

As Input for the computer model the actual total mass flows are used. Because the total mass
flows of the streams 9, 11 and 21 were only approximately known, these f{lows were
optimized In the program te render the best fltting values for the mass balances of P and Zn
In the HAR process. For a best flt & wash efflciency of 0.656 was found.

Subsequently the mass balances were calculated for the components Ca, S, Cd, Fe, Al, La and
U, using thelr concentrations In the ore and thelr distrlbution coefficients In HH and DH as
Input parameters. The In this way simulated concentrations of all components In the HH, DH,
PA and CL were compared with the concentrations ohtained by analysls of the actual process
streumns. The best fit between the two data sets was achleved by adaptation of the
concentration In the ore and the distribution coefficlents. Only small adaptations in thoge
input parameters were needed, so In splte of all the assumptions the model serves as a
satisfactory tool to predict the different coneentrations In the outgolng process streamas.

Typical differences of 5 % between caleulated and actual concentratlons in the PA, HH, DH
and of maximally 50 % Iin the CL streams (see table 2) can be ascribed to: 1) errors In the
sampling and analysls of the samples [} errors In the process streams IlI) and the fact that
the assumptions in the model are not completely obeyed by the actunl process.

The larger differences hetween the concentratlons of some of the components in the rock
used as input parameters of the model and thelr slmulated values are caused by apparently
too large errors in the sampling and analyslz of the samples, glven the dlscrepancy between
the measurad masses of these minor components entering and leaving the process. When for
example from the ore analysls the Input of lanthanum through the ore ls calculated (3.3 kg
La/hr), thls amount appears to be conslderably smaller than the output through the
dihydrate nnd phosphorle acld (9.4 kg La/hr) even when the output through the wash water
which is attached to the dihydrate, Is neglected. To reduce the differences better analyses of
some trace components are therefore desired.

3.2. The HH process compared to the HDH process

In this section the concentrations in the outgolng streams of a HH process are comparad with
those of a HDH process,

In table 3 the composltions of the HH and the product acld, PA, are given for both processes,
for the same ore, the sume flows and the same distribution coefflcients.

Because of the recrystallization of the HH in the HDH process more phosphate (P) per
nmount kg ore ls availuble per kg product acld, due to I) the lower Incorporatlon of
Phosphate in DH than In HH and (i) the higher water content of the DH compared to HH
which leaves less water diluting the phosphoric acld.

In practlce the wash water of a HH process (indicated In table 3 wilth an asterix) is adapted
to obtaln phosphoric acld with 183 % P. In table 3 the concentrations of the components in
the HH* and PA* are shown for the case where the amount of wash water iz correspondingly
reduced from B3 to 44 ton/hr,
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Table 2 The concentrations of different components In the ore, the hemihydrate (HH),
product acid (PA), dihydrate (DH) and recrystallization liquor (CL) as analyzed (4)
and simulated with the computer model (M) for a HDH process.

P (%) Ca (%) 5 (%) Zn (ppm) Cd (ppm)
A A M A M A | M| A M
ore 149 | 149 | 358 | 359 ? 92 | 106 | 49 | 65
HH 074 { 075 | 2716 | 277 | 222 | 222 ) 26 | 25| 22 | 3.0
PA 185 | 186 | 021 | 021 | 023 | 023 | 135 | 133 | 57 | 6.1
DH (0039|0042 | 232 | 232 | 186 | 187 | 02 {021] 1.0 | 09
CL 29 | 30 | 033 | 033 | 0073 (0074 156 | 162 | 4.9 | 4.4
Fe( %) Al(%) La(ppm) Ulppm)
A A M A M A M
ore 0.13 | 0.19 0.11 0.08 55 160 75 40
HH 0.006 [ 0.008 | 0.19 | 0.25 123 124 | 68 | 67
PA 0.23 | 024 | 0.053 | 0.050 | 0.041 | 0.041 | 6.8 | 6.7
DH 0.003 | 0.003 | <0.05 | <0.05| 103 104 | 13 | 18
CL 007 | 003 | 074 | 0.48 1.8 1.9 | 74 | 89
TThe ngoing sultunc acid stream (%,) 15 used to calculate the sulfunic acid concentrations.
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Table 3. The concentrations In the product acld (PA) and the hemihydrate (HH) and
the P loss via the disposed calclum sulfate slurry as simulated with the computer
model for a HH and HDH process. HH is a HH process with 20 % less wash water.

PA | HH | PA" | HH DH
P % 0.79 “ 186 | 0.042
Zn ppm 127 | 2.4 “ 141 2.7 133 0.21
Cd ppm 44 | 21 “ 4.6 23 6.1 0.9
Fe % 0.22 | 0.007 u 024 | 0.013 024 | 0.0023
Al % 0.011 | 0.053 “ 0.011 | 0053 | <005 | <0.05
La ppm 0.04 123 0.04 123 0.041 104
U ppro 29 | 29 2.9 29 6.7 18
P loss % 5.8 6.7 | 2.3

A consequence of the higher P content in the product acid resulting from the lower wash
water flow, is a higher phosphate logs via the HH, l.e. 6.7 % vs. 5.8 %. The most sfficient
process however s the HDH process with only 2.3 % phosphate loss. Also with respect to the
minor components a cleaner calclum sulfate byproduct Is achieved In the HDH process,
although it has to be kept in mind that the reductlon in disposal depends on the distribution
coefficlents of both HH and DH, as wlill be shown In sectlon 3.7.

3.3, Influence of filter efficiency

In & HDH process scheme the total mass flows 9, 11 and 21 are determined by the fliter
efficlency of the first and third filter sectlons of the HH fliter and of the third filter section of
the DH fllter respectively. The fliter efficiency is defined as the mass fraction of dry crystals
In the wet filter cake and is determined by the fliterabjlity of the crystals and by the fliter
ltself. Because the fliterability of calcium sulfate crystals can vary widely, by a factor of 10,
the Influence of variations In these streams on the concentrations of the process flows has to
be known.

In Fig. 5 to Flg. 8 the concentrations of phosphorus and cadmlum are glven in the PA, CL, HH
and DH process streams as a function of the filter efficiency of the first section of the HH
filter. These flgures demonstrate that a variation In the fllter efficiency has a large impact on
the phosphate concentrations and on the phosphate loss and that therefore the fliterabllity
of the HH crystals should be kept well under control. Due to the relatively high Incorporation
of cadmium In the hemihydrate, compared to phosphate, the small amount of liquer In the
wet fliter cake can hardly Influence the total amount of eadmium in the wet fliter cake,
resuiting In only a small influence of the fllter efflciency on the cadmium concentrations.
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Fig. 3 and 4 The influence of the filter efficiency of the first HH fllter section on the phosphate
concenirations In PA, CL, HH and DH.
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Fig. 5 and 6 The influence of the filier efflciency of the first HH fllter section on the cadmium
concentration in PA, CL, HH and DH.

The fliter efficlencies of the third sectlon of the HH fllter and of the DH filter only have a
minor influence on the concentrations in the PA, CL, HH and DH process streams. For typical

fllter afficiencies between 0.6 an 0.8 the phosphate concentrations in the CL Increase
maximally 10 %.
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3.4. Wash efficlency

In the case of a wash efflclency of 0.5 the concentrations of the micro components in the
wash water (& _  in Fig. 8), leaving the flliter section, equal thelr concentrations In the liquor
attached to the dry filter cake(i ¢ In Flg. B).

w1 walsr

fiter cmke
S

_,__._m. .

‘ HQuor attached to fiter oake
@,

wish walar leaving ths section

sy

Flgure 8 A fllter section.

However, In cage of shortcircuiting the concentrations Ing . will be higher than the
concentratlons In¢ ... whereas the concentrations In . are much lower than the
concentrations In¢ " when the attached liquor passes the ﬂfttr cake llke a plug flow. The
wash efflciency WE ix deflned ax

¢
WE = — 2 @)
¢f¢ + ¢,
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WE=0 describes shortclrcuiting and WE=1 describes plug flow washing. In Fig. 9 to Fig. 14 the
Influence of the wash efflciency on the concentrations In the cutgolng flows and CL is shown

by changing WE from 0.1 to 1.
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Fig. 9 and 10 Phosphate concentration in PA, CL, HH and DH as a function of the wash
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These flgures show the large !mpact of the wash efficiency on the concentratlons of
phosphate and cadmium In the different streams, whereas the influence on the lanthanum
concentration Is negligible. Figure 15 shows that a large decrease In phosphate and cadmium
disposal can be achleved by a high value for WE.

31.5. Incomplete or unwanted conversions
3.58.1. Incomplete digeation

The digestion of the ore is between 89 and 100 percent under normal process conditions. A
digestion below 98 percent makes the phosphoric acid process sconomically unacceptable.
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Incomplete digestion has two major effects. First the undigested ore incorporates in the
hemihydrate and is not dissolved under the conditions prevalllng in the recrystalllzation
reactor. [t thus remalns as unreacted ore with the dihydrate instead of forming phosphorie
acid. Therefore, the uptake of phosphats by the DH Increases and the H3EO4 content of the
phosphoric acld decreases.

Secondly, the mass flow of the stream from the hemlhydrate resctor to the fliter and of the
product acld and calcium sulfate decreases slightly (up to 2 % in case of 88 % digestion), while
the sulfuric acld concentration in the entering stream 4 would sasily double (4 % in case of 58
% digestlon) If no precautions are taken. In practice the sulfuric acid dosage Is accordingly
reduced to avold high sulfuric acid concentrations which easily leads to blinding of the ore by
encapsulation of the digestion ore particles with a HH layer. This wortsens Incomplete
digestion.

To account for incomplete digestion In the model the total mass flows are adjusted In such a
way that the amount of sollds and phosphoric acld remaln unchanged.

Incomplete digestion has a major Influence on the phosphate concentrations in the solids (for
DH an increase of 400 % in case of B8 % digestlon), which 1s caused by the low distribution
coefflelents In HH as well az in DH causing the concentration In the undigested ore to be high
compared to the concentrations In the DH.

The Influence of the degree of digestion on the concentrationg of micro components in DH will
be most prominent for components with Jow distribution coefflcients.

3.5.2. Incomplets recrystalllzation from hemihydrate to dihydrate

In the presence of certaln Impurities, such axz lanthanides [4] or aluminum fluoride [5.6], the
recrystallization can be sericusly retarded, causing an incomplete conversion of HH Into DH.
Here the effect of conversionzs berween 50 and 100 percent upon the P, Cd and La
concentrations In the streams PA, HH, CL and DH and on the fraction P, Cd and La in the
disposed DH siurry will be discussed.

0.3 I | 0.2 T T
o ®
e ~ 0.1 + -
— | _ oo
o %4 A
£ PA
=l Q.1 - =
c % 0.05 DH -
~ CL S e
= 0 I ! E a I !
0.4 0.8 0.8 1 0.4 0.6 0.8 1
Degree of conversion (-) Degree of conversion (-)

Flg. 16 and 17 The aluminium concentration in PA, CL, HH and DH as a function of the

degree of conversion.
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From caiculations it follows that for most components the influence of the degres of
conversion on the concentrationa {n all discussed process streams is negligible, except for the
dthydrate. Only If the distribution coefficlent in HH is much higher than in DH the
concentrations In other streams are changed dramatically as can be seen In Figure 16 and 17,
where the influence on the ailuminium concentrations in PA, CL, HH and DH is demonstrated.

Incomplete recrystalllzation on the concentrations In DH results In an enhanced disposal
through the DH slurry, as can be seen from Flgure 18.

3.5.3. Formation of anhydrite in the hemdhydrate reactors

If locally high temperatures (above 100 C) are reached or If locally high sulfuric actd
concentrations (above 4 %) are formed due to poor mixing conditions anhydrite can develop.
In general anhydrite formation is unfavourable because the uptake of some micro components
and especially of cadmium Is much hlgher in anhydrite than in dihydrate or hemihydrate.
Incidental misoperations in the plant may lead to the formation of up to 5 percent anhydrite
In the hemihydraie reactor.

Once anhydrite s formed, It can not be transformed in the recrystallization tank, since it fa
the most stable ¢calclum sulfate phase under the glven process conditlons.

8 T T

Cadmium concentration (ppm)
s

0 0.05
Fraction anhydrite (-)

Figure 19 The concentrations in the HH, DH, PA
and CL f{in ppm) as a funcrion of the fracrion
Jormed anhydrite,
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In Figure 19 the simulated concentrations of cadmlum in the hemihydrate, dihydrate, product
acld and conversion liquor are plotted as a function of the anhydrite formation In a system
with 6.5 ppm cadmium in the ore and distribution coefficients of 0.5, 0.2 and 30 for
hemthydrate, dlhydrate and anhydrite respectively [7]. From this flgure [t can be seen that
the presence of anhydrite increases the Incorporation of cadmlum in both solld phases
conslderably, especlally the uptake in the dihydrate. Formation of anhydrite therefore has to
be avolded, if strict regulations for the purlty of the gypsum are imposed. The formation of
anhydrite c¢an on the other hand be used If only the quality of phosphoric acid is of
importance, because 5 percent anhydrite formatlon can already reduce the cadmium
concentration in the phosphori- acid by more than 50 percent for the given distribution
coefflclents. ‘

3.6. Sensitivity of impurity uptake in DH for varlations In Kun and KDH values

Until now, only a given HDH configuration with fixed distribution coefficients has been
discusaed. The distribution coefflclents of many components can, however, be changed by the
presence of Impurities Itke aluminium fluoride or lanthanides, via their influence on the
nucleation and growth kinetics of the HH or DH crystais. For this reason the intreduction of
another type of ore, with for Instar.- a different aluminum, silicium or lanthanides content.
could Induce a change In the distribution coefficlent of a number of micro components. Here
the Influence of varlatlons In the distribution coefficients I for HH and DH on the flnal outlet
of micro components via the dfhydrate and the produc: acid will be demonstrated. This
Influence Is best reflected by an disposal number, defined ar the Impurity output (In kg/hr)
via the dihydrate (DN) divided by the input (kg/hr) through the ore. In fig. 20 the disposal
number is shown as a fur-tion of Ky and K y for the HDH process. For the HH process the
disposal number {5 defined in a ninﬂﬁar way ur the mpurlty outlat via the HH. If the wash
liquor attached to the sollds which also containg a certaln amount of Impurities are taken
into account even higher DN values are obtained, as indicated in Figure 21.

In Figure 20 and 21 also the disposal number of a HH process with exactly the same mass
flows iz given. Comparison of the HH with the HDH process shows that the disposal number
of the HDH process Is higher if the distribution coefficlent in DH is lower than approximately
three times the distribution coefficient in HH. In most cases the Ky in even lower than the
KHH* 80 in general the disposal number of the HDH process is lower H\an of a HH process.

Figure 21 shows that In all cases the disposal number on wet fliter cake basis and, therefors,
the actual disposal i1s lower for the HDH process compared to the HH process.
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4. CONCLUSIONS

The HH and HDH process can be described well on the basis of a simplified flow scheme with
mass balances, using distribution coefficlents to represent the uptake of impurities by the HH
and DH crystals. These slmple mess balances are very useful to investigate the effect of
changes In the process on the distribution of impurities entering the process with the ore
over the varlous outlet streams. Changes which can be Imposed on the process are for
example adaptations In wash water flows or dosage of additlves which Influence the
distribution coefflcients of other {mpurities.

This mass balance program can further be used as a tool to optimize the differant process
flows or to predict and optimize the disposal of micro components through the product acid
or the calcilum sulfate.

Computer simulations conflrm that a HDH process produces a cleaner calclum sulfate
dihydrate which has a higher phosphate efficlency compared to HH process. A good
filterabllity of the HH crystals and a high wash efficiency leads to lower Impurlty and
phosphate leveis in the outgoing streams.

Incomplete digestion has a large Impact on components like phosphates, which are not
Incorporated very waell in the caleium sulfate.

Incomplete recrystallization mainly Increases the concentrations of the Impurities In the
dihydrate.

Anhydrite formatlon has a large Impact on the concentrations of micro components llke
cadmium, with a relatlvely high distribution coefficlent In anhydrite compared to the
distribution coefficients in hemihydrate and dihydrate.

A sensitlvity analysis as described In par. 3.6 allows determination of the effect of a change
In distribution coefficlents in elther the hemlhydrate or the dihydrate on the disposal
through the dihydrate or hemihydrate. The sensitlvity analysis shows that the disposal.
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Appendix 1, The mass balances of the HDH process (according figure 1)

The model calculates the mass flows i (&) of a compooent, using the total mass

flows (.. the distribution coefficient for HH and DH (Kyy and Ky and the

slurry recycle ratio from tank B to A (recycleratio).
The mass balances over the digestion/HH crystailizanon section are described by

equation 5 to 8.

dy = b, + b, + & (5
¢, - recycleratio + &, (6}
¢5 = ¢] - ¢5 Y

&

B = Ky * Oupgrer * m (8)
a0 * Proa

Equation 9 to |8 skow the mass balances over the HH Hler

&,

" @ * S0 By = Posw ~ Promwr = Pngwd )

¢u - d’rnr

by = &g - by (10
$, = by — by (11
)

bg - — e, (12)

by or
LSl PRI N N (13)

¢

@y = Sy > ¢.:“*(¢’um = Oy = Prounr " Brjor * Prisw - ‘hmr_) (14)
¢4 - ¢‘ + thy (1)
Gy = by + Dy - O (14)

brg = Gt b (¢
13 NH o Sim d’l.u - tiL'to.um.r B ¢l.u * ¢'l4.-u - d’lﬂm) a7n

11

Gy = by + Py (18)
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Equation 19 describes the mass balance over the recrystalllzation section, while the

mass balance over the DH filter is described by equation 20 to 25.

by, (19)
- K - - e—
¢'pu DN d’nﬂ.rm‘ d’u,m
¢
by = Ppu * Py 2 (G190 =~ Praser = Voarror (20)
L4.tat
Pl = by - by n
$
d)l: - ¢’DH + ) . (¢'19mr - ¢l-l,wr - ¢'16_rot * ¢'21,er - ¢'1':01':r,rm-) 22)
18,401
¢’15 = ¢’n + "t']g = ¢'n (23)
¢1[ = ¢n + ¢23 - d}z.‘ (14)

¢
d’u - ¢'DH * L. (d’:n.m.r v ¢'u.mr - ¢m.mr * d’n.rm - ‘t’un.m) (25)

21000

The influences of the filter, wash, dlgestion or recrystallization efflciencies as well
as the influence of the anhydrite formation on the concentrations in the process
streams are calculated with altered mass balances. A3 an example the changed mass

balance equations are given for the case that the influence of the wash efficiency on

the concentratons In the process streams is investigated.

$ L-WE
by = Pyy *r;*wum' Bo s~ Prosor Prser® Crise Ct'.l:r.lur.,.,) WE 26)
$ 1-WE
G5 = byy ¢*(¢'6de Daso~ Prosor Prsort Pragm™ Prwped® WE
11,1 (27)
P 1-WE
By = bpy + ﬁ * (Disn ~ P ~ Prsior * Paior ~ Powaed ™ “WE
16,400
28)
1-WE
il A Do ™ Crager ~ Proper * Py - $omrd * WE

g, = bpy *

2 nak

(2m



