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ABSTRACT

This work developed a method for controlling cateidissolution during leaching operation of lanthdes from
phosphogypsum waste. The developed method wassdaoat in two steps, namely, A - leaching of the
phosphogypsum by using mineral acids (HCIl and BN@th nonyl phenol ethoxylate (NPE) as a leactsolution.

B- Addition of a soluble amino acid, e.g., glycioethe leaching solution to precipitate calcium ajhate. The
obtained results showed dissolution of about 5 %abfium content under the leaching conditions:92@cid, 25
°C, 0.5 g niland 15 min. However, the presence of NPE in a auraiion of 4 % decreases the calcium dissolution
to about 2.5 %. Also, the kinetics of calcium léaghwere investigated and it was found that, theadéted the
shrinking core model, in which both the interfacensfer and diffusion through the product layereatéd the
reaction rate. Moreover, the addition of NPE to #uid leaching solution increases the apparentvation energy
from 28 and 29 KJ/Mol to 36 and 50 KJ/Mol for HGIcaHNG;, respectively.
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INTRODUCTION
Phosphogypsum (PG) is a by-product derived fronptieeluction of phosphoric acid by wet process [1].
Cas (POy)sF + 5H,S0O,+ 10H,O — 3H3PO, + 5CaSQ-2H,0 + HF Q)

About 4.5-5 kg of phosphogypsum is produced fornrevikg of RBOs manufactured. Although gypsum
(CaPQ:2H,0) is the major component of PG, it also contairtamnimpurities such as lanthanides and some
radionuclide of potential health and environmenmtgbact [2]. Moreover, the accumulation of PG wafsten the
fertilizer industries, which remain in regulatingieks occupying considerable land resources, isicgusignificant
environmental problems worldwide. In this conteke scientific community is being pressured to faitérnative
ways for their disposal [3]. Among these ways HEIHNO; acid solutions was used, for forming substantial
amounts of calcium salts [4].

Previous study reported by Kouraim et al. showed ttie leaching of lanthanides from phosphogypsumevd36)
was successfully carried out using either HCI andQ4l acids or these acids associated with Nonyl Phenol
Ethoxylate (NPE). Based on the experimental redURE increased the leaching efficiency by 30 %tnedato the
corresponding unmixed acids. It was found thatlélaehing process could be described by a shrinkarg-model.
Also the leaching of lanthanides by the latter esystlecreased the activation energy from 5.89 ar@41RJ/M to
5.28 and 3.79 KJ/M for HCI and HN®@espectively [5].

Different methods are reported for combating cafciaccumulation in the leaching circuit [6]. For e,

commercially available water softeners can be useithe surface processing of the leach solutiophgsically
and/or chemically remove calcium ions [7]. Althoutite complete removal of the calcium ions from kbach
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solution is most desirable, however, in many kndeach operations the total removal of calcium ifnasn the

leach solution with such equipment would be extigregpensive and would seriously affect the ovesalicess of
a commercial leach operation [8]. Actually, there aormally some calcium ions still present in ks&ch solution
even after treatment with such equipment, and ahlsium can foul the extraction means used foraexing the
lanthanides from the leach solution [9]. In faatrtain chemicals commonly called "“inhibitors" cam ddded to a
solution to prevent scale accumulation due to aaelgprecipitation [10]. However, the normal amouriténhibitors

tend to stabilize the calcium species in the lesadtion, causing the calcium to accumulate inrgeycled leach
solution to levels which may threaten the oversich operation [11].

Kandil et al. studied the dynamic leaching of lamtides from a Western Desert phosphate ore, Egyqt Tartur)
by hydrochloric acid, nitric acid and sulfuric acdlutions [12]. Their results showed that, theclh#ag process
could be described by a shrinking-core model.

Jun et al. studied the kinetic of lanthanides learfrom the weathered crust elution-depositedhanide ores with
ammonium sulfate solution. The results showed thathigher the leaching temperature or the smaltierore
particle size, the faster the leaching progrese. [Eaching mechanism was analyzed with differenétics models
[13].

The present work aims to control the dissolutioncalcium, in acid leach operation of lanthanidesmrPG by
precipitating calcium ions from the leach solut@inselected steps in the operation. However, wheroperation
not properly controlled, it will precipitate withithe leaching circuit, thereby creating scaling /anglugging
problems throughout the operation [14]. The factresoptimized and kinetically determinate.

EXPERIMENTAL SECTION

2.1. Materials

Phosphogypsum sample was collected from the wetegsophosphoric acid plant (from the processinémi-
Tartur phosphate ores, Egypt). Table 1 presents/gsage of chemical composition of their constitegon the dry
basis). Hydrochloric and nitric acids were providbyg EI-Nasr Chemicals Company, Egypt. Nonyl phenol
ethoxylate (NPE) was produced by reacting nonyhpheiith ethylene oxide in the presence of KOH asalyst.
The ratio of ethylene oxide to nonyl phenol detesi the molecular weight of the product or the flergf the
molecule produced. The following reaction showspreparation of NPE [15]:

O
R O OH + (CH=CH;0)n M R @ (OCH2CH2)noH (—1}

Nonvl phenol Nonvl phenol ethoxvlate
(R=branched C H  Ethylene oxide where n varies by product

Table 1. Chemical analysis of phosphogypsum in weig%

Components | Conc.| Components|] Conc
CaO 25.3 N# 0.09
SG 34.1 KO 0.04
SiO, 9.82 TiQ 0.4
P.0s 1.01 F 1.14
FeOs 5.80 L.O. I 21.2
U | 14 | Ylanthanides | 1387

2.2. Apparatus
Metertech UV/VIS SP8001 Spectrophotometer, Chinas wased for measuring the concentrations of total
lanthanides, uranium ions, and other oxiffle® 17]. Hollandinolab pH meter, Germany, was used for pH
determination.

2.3. Leaching procedure

In different 250 mL measuring beakers, a known arhofi phosphogypsum (50 g) was taken, with the tamidbf a
known volume of acid (100 mL) at room temperaturel anixed for a known time. Other experiments were
performed by using Nonyl phenol Ethoxylate (NPEXedi with nitric and hydrochloric acids, at the sasthadied
conditions. The factors affect the desired leacluogditions (such as contact time, acid concewtnasolid: liquid
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ratio, temperature) were optimized. All experimewere performed using powder samples sized to 2&6hnat
room temperature (2%)

2.4. Analysis procedure

Compleximetric titration method was used for deiaation of calcium content in different studied sdes [16].
NaO and KO were determined using flame photometry, whilalttdnthanides and the other components were
determined colorimetrically [17].

Calcium leaching % using in the kinetic studies walsulated by the following equation:

Ca % =[(Co— C), Cf] X 100 3)

Calcium dissolution control % (DC) calculated bg following equation:

DC % =[(Co— Cun/ (Co— Ci)ca ] X 100 (4)

Where, G is the initial concentration of the received PGstgaand €is the concentration after leaching.
RESULTS AND DISCUSSION

The possible chemical reactions that occur durisgadution of phosphogypsum with hydrochloric adlas nitric
acid can be described as follows:

X CaSOr Ln g +y HCl — (x-n) CaSQ;+nCaCh +n LnClz+nH" (5)
X CaSOr- Ln g+ Yy HNOz — (x-n) CaSQ, + n Ca (NOs)o+ n LN (5) (NOg)g + n H' (6)
Reactions 5 and 6 are of special interest for éheium dissolution process.

3.1. Effect of acid concentration

Calcium dissolution control (DC %) as a function thie acid concentration during the lanthanides Heac
operation from PG was studied as shown in Fign thiks respect two series experiments were caoigdising HCI
and HNQ only where others mixed with NPE under the follogvconditions, weight of PG to acid ratio 0.5 gL
and contact time of 15 min. It was found that et DC decreases from 24 to ~ 8 % using acid cdnagéon
ranged from 1 % to 20 %. This means that, the wadctoncentration increases 8 times while the |aritiees
concentration increases only 2.75 times. On therdtland, the leaching operation by using the mixagids with
NPE has a significant effect on the calcium DC petage, it increased quantitatively from 8.7 % 71and from
8.25 to 18.3 for HCI and HN{respectively even at 20 % acid concentration areghto 8 % of acids without
NPE. Table 2 showed a comparison between diffdeatthing systems for calcium, lanthanide and tHeiuwa
controlling %. It is interested to mention heretth@ % acid percent was the optimum concentrawmfaximum
lanthanides leaching [5]. Therefore, acid conegintn of 20 % was used in other experiments.

Table 2. Comparison between the leaching systems fBalcium, Lanthanides and Calcium DC %

Leaching systems Lanthanides %| Calcium %| Calcium DGLa/Ca) %
20 % HCI 43.50 05.00 08.70
20 % HCI + 4 % NPE 44.80 02.50 17.92
20 % HNQ 33.00 04.00 08.25
20 % HNQ + 4 % NPE 45.75 02.50 18.30

3.2. Effect of solid mass to liquid volume (S/L)

The effect of the ratio of phosphogypsum /acid e talcium DC % was investigated by employing défe
stiochiometric amount of acid to leach 50 gram lodgphogypsum. The results illustrated in Fig. 2ngdtbthat the
higher calcium DC % of 8.7, 8.25, 17.9 and 18.4 whiained at S/L equal 0.5 g/mL for leaching solusi of HCI,
HNOs;, HCI-NPE and HN@NPE, respectively, thus, 0.5 g/mL is proposedmsrum for latter experiments.
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Fig. 1: Effect of acid concentration on the calcim dissolution control %
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Fig. 2: Effect of solid to liquid (S/L), g/ml on tte calcium dissolution control %

3.3. Effect of NPE concentration

To investigate the effect of NPE, the leaching pescwas carried out at different NPE concentratithes other
conditions remain constant as shown in Fig.3. Tdeaf NPE based on its ability to form salts withge acids and
the formed salts contains two parts, one is hydhopftacid) and the other is hydrophobic (NPE). Tiesults

showed high calcium DC % was achieved using eveallSNPE concentrations of 4 %. Table 3 showed the

variation of calcium, lanthanides % as a functio™NBE concentration, from this data we can conclindg, at the
presence of 4 % NPE in the leaching solution of iRGeases the leaching of lanthanides by about anh
decreases the calcium by about 60 % and increétsgnga dissolution control 8 times.
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Table 3. Variation of Calcium, lanthanides % as adinction of NPE concentration

HCI HNO 5
0,
[NPE] % Ln% [Ca% |[DC% [Ln% |Ca% |DC%
0 4350 | 05.00/ 08.70 33.00 04.00 0.8.25
2 44.00 | 03.00 14.66 45.00 03.90 15.00
4 44.80 | 02.50 17.92 45.75  02.50 18.30
6 44.80 | 02.50 17.92 45.75 02.50 18.:]30
= 8- HNO3 - &= HCI
20.0
18.0 4+ ‘:ﬁ::32:::3:::::::5:::::::5
16.0 + Lo Time 15 min.
© B Temp 25 oC
S 140+ R [acid] 20 %
S SiL 0.5 g/ml
S 120+
o R
c J
S 100 T .0
=] .
El he
@ 804
0
©
@ -
S 60
4.0 1+
20T+
0.0 } } } }
0.0 2 4 6 8 10
[NPE] %

Fig. 3: Effect of NPE concentration on the calciundissolution control %

3.4. Kinetic analysis of calcium leaching from phqshogypsum

In order to establish the kinetic parameters ané-cantrolling step for the leaching of calciumrfrd®G using
hydrochloric, nitric acids and the associated NRtE these acids the experimental data can be aslgzcording
to the heterogeneous reaction models [18]: Accgrttinthe model, the reaction between a fluid asdlal may be
written as:

F (fluid) + b S (solid) — Products @)

The rate of reaction between PG particles and ¢idsanay be controlled by one of the following stegiffusion
through the fluid film, diffusion through the asidpuct layer or the chemical reaction at the sarfac

Let the time of completion of the leaching procisss*, the fractional conversion of the arevhich equal:

Aomd of calcium in the solution

Total amoéwof calcium in original sample

and at any time t the integrated equations fodftaolid heterogeneous reactions are as shown lm4ab

Table 4. Fluid—solid heterogeneous reaction models

Model Equation
film diffusion control t=k[1-(1-0)]
chemical reaction control t=K-(1-0)"
ash layer diffusion contro]  t =K - (2/3)0 — (1-0) %®

The value of k* depends on various reaction pararaeiccording to the kinetic models. To determive kinetic
parameters and rate-controlling step for seledéaehing of calcium from PG, the experimental de¢ae analyzed
on the basis of fluid-solid heterogeneous reaatimaels. The validity of the experimental data itite integral rate
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was tested by statistical and graphical methodp [i& kinetic analysis results for the leachinggass were found
to be consistent with ash layer diffusion contradahe integral rate expression was determinedbtey che
following rate equation:

1-2R)a-(1-a)?® =kt (8)

Using the conversion values for various reactianperatures, the apparent rate constants, k, cavdleated by
plotting 1 — (2/3)a - (1- ) ** versus t as shown in figures 4-7. The experimersiliits represented in these
figures indicate no change in the leaching behanid?G after addition of NPE to either HNOr HCI, a situation
that may be attributed to the diffusion controllegture of the reaction. Also, the stability of ¢aio leaching
efficiency even with the increasing of the acid @amtration, which is most clearly revealed by theves for larger
particles, is a strong argument against a hydragendiffusion limitation. Using the Arrhenius eqimt, the
activation energy can be evaluated from the pldtrok versus 1/T. After the evaluation of activatienergy and
pre-exponential factor the kinetic model for thadieing process may be expressed as:

(1) - 21R3)a— (1-a) % = A°e FRT ¢ (9)
r
Ink=1InA - (E/RT) (10)

Where A is a coefficient, R is the gas constanis Teaching reaction temperature (Kelvin, K), andsEctivation
energy (KJ/M).

Arrhenius plots of In (K) vs. T for calcium leaching data are shown in figures 8.8lso, the plot of In k/T vs. F
was shown in figures 10 & 11 gives straight linétmglope equal AH/R and intercept equalAS/R. All the data of
activation energy (KJ/M), enthalpy (KJ/M) and epyaKJ/M) were shown in table 5. This value fallghin the
activation energy conventionally found for innerffuion-controlled leaching processes [19]. Inciegsof
activation energy in the presence of NPE might tmdgbly to increase of the viscosity of the leaghimixture. In
comparison, Li et al. [20] obtained activation eyyeof 40.14 KJ/Mol for the dissolution of vanadidfrom black
shale in acid leaching and proposed that the diealprocess was controlled by the interface fearend diffusion
across the product layer. While Dehghan et al. f2pprted activation energy of 49.2 KJ/Mol for tlosv-grade

calcareous sphalerite in acidic ferric chlorideuioh and proposed that the leaching process watsadled by the
same model.
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Fig. 4: Leaching kinetics of calcium from phosphoggsum by HNO;
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Fig. 5: Leaching kinetics of calcium from phosphoggsum by HCI
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Fig. 6: Leaching kinetics of calcium from phosphoggsum by HNO;-NPE
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Fig. 7: Leaching kinetics of calcium from phosphoggsum by HCI-NPE
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Fig. 8: Activation energy of calcium leaching fromphosphogypsum by HNQ and HNOs-NPE
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Fig. 10: Enthalpy and entropy of calcium leachingrom phosphogypsum by HNQ and HNOs-NPE
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3.4

Activation energy of calcium leaching fromphosphogypsum by HCI and HCI-NPE

AHNO; O HNO,-NPE
-25
_30 £
y = -41.861x + 94.211
35 | R”=0.9898
_40 £
y = -26.372x + 41.887
45 R? = 0.9925
'50 T T T T T
2.8 2.9 3 3.1 3.2 3.3
T *1000

Table 5: Thermodynamic data for leaching of calcium

Leaching agent| AH®° | AS° | E (kJ/M)
HNO; 219 | -347 28
HNOs-NPE 347 | -780 36
HCI 199 | -280 29
HCI-NPE 265 | -481 50
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Fig. 11: Enthalpy and entropy of calcium leachingrfom phosphogypsum by HCI and HCI-NPE

Phosphogypsum Solid Waste

Preparation Step
Washed with hot distilled water, dried,
then fractionated to =44pm
Treztment Step

zssocizted with 4 % NPE for 15 mm. undsr room
temperature in 0.5g/'ml S/L ratio

Amount of Lanthanides = §.1%:
Amount of Calcium = 38%
n the produced leach liquor

Caleium Removal Step |

At room temperature nging 0.5 g'ml (20%%) acid conc.
with 0.5% (glycme Jleach liquor) for 1h & adjsted the
pH at 5 = 0,05 for H* cone.

In the obtaimed leach liquor
Amount of Lanthanides = 71%%

Amount of Calcium = 6.3%

l

Smalllosses of lanthanides &
small precipitation of calcium

ions in leach liquor

Fig.12. Flow Sheet of calcium dissolution controltig process

905



M. N. Kouraim et al J. Chem. Pharm. Res., 2015, 7(4):896-907

3.5. Removal of Calcium

The precipitation experiments of calcium were eatrout under the conditions of 0.5 mt (20%) acid, and 0.5 %
glycine (mass ratio of glycine to PG leach liquatr25 °C for 1h,. The concentrations of hydrogenvi@re adjusted
to the pH of 5 £ 0.05. The chemical analysis of l#ech liquor before and after addition of glycioethe PG was
illustrated in table 6. The results show the highues of calcium in the leach liquor before theitwld of glycine,
while, the calcium removal can be remarkably imgwhen glycine was added as precipitant reagesanhthile,
glycine can combine with other ions like, iron iangenerate acid-insoluble iron glycinate hydratd eonsume all
ferric ions and a portion of ferrous ions. Massivpurities are decreased to form glycinate sala@jsting of pH
value. Complete flow sheet of the calcium dissoluttontrolling processes showed in Fig.12.

Table 6. Chemical analysis of some ions in the praped leach liquor before & after addition of glycine (ug/mL)

Components HCI HCI-NPE HNO 3 HNOs-NPE
Before | After | Before | After | Before | After | Before | After
ca’ 7500 220 5000 | 145. 1250p 30p 5250 95.0
SQ.* 6500 390 4000 | 245. 1500p 42D 6500 270
Fe®' 1200 70.0 920 32.0 127(Q 85.0 790|0 4Q.0
>lanthanides 1110 105 1115 1070 1112 1920 1120 1065
F 230.0 25.0 110 15.0 245 30.p 90.0 140
K* 40.0 10.0 32.0 5.00 50.0 10.p 43.0 5.00
Ti* 21.0 12.0 6.00 6.00 17.0 5.0p 5.00 2.00
Th* 6.00 4.00 4.00 2.00 8.00 3.0p 5.00 2.00
U 14.0 7.00 14.0 4.00 14.0 8.0 14.0 3.00
Total 16621 | 1788 11201 1524 302312 1881 13817 1496
Lanthanides in leach liquor, %
Ln (s) % | 667 ] 59.0] 995] 704 3.60 54]0 8.10 71.0
Calcium in leach liquor, %
Ca0 % | 45.00] 12.00 44.50 9.5p 41.30 1590 38/00 5 4.3
CONCLUSION

The calcium dissolution behavior during the lanttaa recovery process from PG waste has been igat=si
using hydrochloric, nitric acids and the latterdsciwith NPE. The experimental results reveal that ¢alcium
concentration was decreased about 8 times in thgepce of NPE. Also, the kinetic results clearbphhights that
the association of NPE with HCI or HNGcid solutions can be used as a potential leachystem for the
decreasing of calcium dissolution in the leachdigqduring the lanthanides leaching and recoveryaimas from
PG waste. The leaching by the associated systemaaises the energy required for calcium dissolutiom 28, 29
KJ/M to 36 and 50 KJ/M in case of HNGnd HCI, respectively. In addition, glycine can dpeantitatively
precipitated the calcium ions and more other infguoins present in the leach liquor at a cretinditon with small
loss of lanthanides.
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