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ABSTRACT

This paper presents the rheological propertieshodet types of lime putty, specifying the
influence of their origin. The study aims to conwaa special lime putty prepared from
phosphogypsum with a commercial lime powder andgad lime putty. The results obtained in
terms of chemical composition, crystalline struefwgrain size and rheological characterization,

(linear viscoelasticity, shear rate and time-depanhflow behaviour) are presented in the study.

Putties studied present a similar rheological rasppwhich mainly depends on the particle size
and water content. Lower values of the linear vé$astic functions and viscosity were found
for the phosphogypsum lime putty, in agreement \tlign higher particle size. Transient flow
tests reveal a predominant elastic response withsigaificant shear-induced structural

perturbations. However, either a thickening phenmwneover time, i.e. rheopexy, favoured at



low shear rates, or a viscosity decrease, i.eottupy, favoured at high shear rates, was

observed.
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1. INTRODUCTION

The fertilizer manufacturing industry in the prosgnof Huelva (SW Spain) is based on an
important production of phosphoric acid by a weatgaesssing of the phosphoric rock, formed
mainly by the apatite mineral (§RQ;)s0OH)), with sulphuric acid. An industrial waste eall
phosphogypsum (PG) results from this process, wisichainly composed of calcium sulphate
dihydrate [1]. The PG is taken to a suspension wiker and pumped to storage rafts, where it
decants and dries out. Currently, the materialestaseaches 120 million tons and occupies an
area of 1,200 hectares in a marsh area near tharg$ormed by the union of the Tinto and

Odiel river mouths(Fig.1) [2].

This waste, in whose composition appears toxic lietepurities and radionuclides of natural
origin, has been accumulated over the years inoffen air with the consequent social and
environmental conflicts. The radionuclides contehtthis waste makes it be considered as
"Naturally Occurring Radioactive Material" (NORMM particular, this waste concentrates
important quantities of isotopes suchf@Ra,***U, *°Th and*°Pb?'%Po, which precipitate with
phosphogypsum due to their similarity with calci{fBhand whose presence must be considered

in its management and treatment [4,5].

In such scenario, it is crucial to find alternativior a better PG waste management. In the
context of the need to advance in a scientific netdgy that allows its treatment as a by-
product for other industrial processes, a simpte@idure has been developed by treating the PG

with a sodium hydroxide solution, obtaining sodisaiphate and a precipitate of slaked lime

(portlandite)[6,7].

This reaction has a double advantage, on the ams, itacauses the precipitation of the isotopes
present in the PG and, on the other hand, it pesvitdne putty as resulting by-product, with

interest for the construction industry. Previousutes have shown a high performance in the



precipitation reaction of calcium hydroxide and tinensfer of impurity traces to the solid
product, so that an interesting degree of stalbitinas achieved, compared to the danger posed
by their presence in the fluid state with the cousst risk derived from leaching [8]. An
additional advantage of this process is the grederpial capacity of carbonation of the
hydroxide obtained, representing a positive envirental contribution due to the mineral

sequestration of Cdrom a potentially hazardous waste.

In terms of application, the plasticity of the pgiipbtained from the industrial process described
IS a very important factor in the possible use aslzstitute for conventional commercial putties.
The viability of the product obtained to be incaigged into mortars or used as a paste in
construction applications requires an adequate atmlity, similar to that of the products
usually employed. Therefore, the correct knowleolfgie rheological behaviour, in comparison
with similar products that can be found in the ne#rks necessary before validating any
possible application. The concept of workabilitytloé products obtained is closely linked to the
particle size and size distribution, to the extrdt this size distribution of the portlandite

crystals influences the viscosity of lime suspemsio

A correct assessment of the rheological behaviblime putty needs to comprise the analysis
of both the linear viscoelastic and viscous flosp@nses, the latter including possible shear rate
and time effects (thixotropy or rheopexy), whiclpnesent the mechanical behaviour under
static and stressed conditions, respectively. regd, full rheological characterizations of lime
putty are scarcely found in the literature, norméthited to the flow behaviour. In most cases,
these studies reveal a shear-thinning behaviourlifioee putty [9,10], where the apparent
viscosity is mainly dependent on particle size emdsequently on particle volume fraction [11-
15]. In addition, some studies pointed out a yigddilow behaviour [9,16], with a characteristic
yield stress which can be estimated by fitting tlosv curve to the Bingham model [9,17].
However, in most of these studies the shear ratgerapplied is certainly limited to extrapolate

a feasible yield stress value. On the other hamaltime dependence under shearing must be



evaluated in order to be correlated with the woilkgband possible applications [18]. The
time-dependent flow behaviour can be studied bynm@h shear rate hysteresis loops [9,12] or,
preferably, stress (or viscosity) growth curvescahstant shear rate [11,13,15]. Regarding
transient flow properties, some controversy andtreolictory results can be found in the
literature, obtaining both thixotropic and rheopedtehaviours depending on the type of lime
putty and processing [8,12,16]. Regarding the linéscoelastic response, only a few studies
reported the dynamic viscoelastic moduli as a fonobf stress (or strain) amplitude, in order to
determine the extension of the linear viscoelagticegime [11], or as a function of time at

constant amplitude [16], where a predominant eldsthaviour was apparent for different lime

putty.

Figure 1. Location map of the phosphogypsum storage rafiar¢®: Google Maps)

The object of this work is focused on the rheolabaharacterization of a lime putty obtained as
a by-product from the treatment of phosphogypsuratevavith a solution of Na(OH). It has
been named asme putty from phosphogypsum (PLP)ogether with this, the rheological
properties and granulometries have been comparéu those of two similar commercial
products: a commercial lime putty with five yeafsaging, designed as aged lime putty (ALP),

and another lime putty made in the laboratory feooommercial lime powder (LLP).

2. METHODOLOGY

2.1 Crystal morphology. A parameter

Portlandite is formed by precipitation [19] givinge to hexagonal sheets with a perfect basal

exfoliation. It is possible to make a study of gredominant morphology in these crystals

(prismatic and planar) of portlandite oriented aggites, comparing the Relative intensities of

the previous reflections using parameter A (00Q0).[



1(0001)
1(1011)

A(0001) =
| (0001) intensity (integrated area of each peékhe reflection at @ = 18°

| (1011) intensity (integrated area of each peéithe reflection at @ = 34°

The second one is usually of higher intensity witpect to the first one.

Several authors have indicated that parameter 81()0ddirectly gave a degree of the evolution
or aging of lime putty [21-23], in such a way tlhé higher the value of A, there are more
portlandite crystals in the form of platelets, siras they age the originally prismatic crystals
separate into thinner hexagonal plates, said sipau@ccurs along the planes (0001), which are

the planes of exfoliation of said mineral.

2.2 X-ray fluorescence and X-ray diffraction

For the PLP sample, the major and minor chemicalpmments of the plaster were analysed by
X-ray fluorescence (XRF) using an Axios Panalitygaéctrometer. The sample characterization
was continued with the identification of the midegical phases by X-ray powder diffraction
(XRD) using a Bruker-AXS D8 Advance diffractometguipped with copper anode Cuw K
(x=1.5405§), with a Bragg-Bentan®-6 configuration, a nickel filter, and a LynxEye lare
detector, and the XRD patterns were obtained usiagpowder technique, at an angle 6f 2

range of 3° to 70°, and a 0.03° step scan withsi€ls

2.3 Granulometry



The morphology of the different lime putty sampleas characterized by field-emission gun
scanning electron microscopy (SEM-FEG), with a &hiaS5200 microscope, at 5 kV

accelerating voltage.

The granulometric analysis was performed by laséfradtion in a Malvern Mastersizer
equipment which allows to know the particle sizesl ¢he granulometric distribution of wet
dispersions according with the working real comdli§ as putties. Granulometric distribution of

crude solid phosphogypsum sample (PG) was alsonieted in dry dispersions.

The following protocol for wet dispersions basedtbat proposed by Rosell (2013) has been
followed [24]:

A small sample aliquot is placed in a beaker wlieiedispersed in a small amount of distilled
water to homogenize the sample, and then placad idtrasound bath at maximum intensity to
avoid particle agglomeration. The ultrasonicationet applied in different experiments was 5
min (42 KHz). A certain amount of the already homwiged sample was pipetted and dispersed
with a shaker, at a speed of 2500 rpm, in a buekist 100 ml of distilled water. Once the
system was stabilized, particle size distributiomswead through the equipment software and
the results were recorded twice consecutively, qusire average of the measurements as the

final result.

The adjustment parameters of the Mastersizer vegr®ispersing water with refractive index

RI = 1.33, b) Reflection rate: 1.5; ¢) Absorptioéx: 0.01. The theoretical models applied on
data analysis are those defined by Fraunhofer aedddnsidering that the first of them is more
in line with theoretical models of confirmation gpherical particles and the second, to

elongated particles.



The statistics of the distribution are calculatgdhe equipment from the results obtained using
the derived diameters d(m,n), an internationallsead method of defining the mean and other

moments of particle size:

» Vi(di)m_glﬁ

d(m,n) = IRACH

1

LVi@d)™ 3 m-n
d(m,n) = W]

whereV; is the relative volume in clagswith mean class diameter df, d(0,5), d(0,1) and

d(0,9) are standard percentile readings from tradyais: d(0, 5) is the median of the volume
distribution, d (0,1) is the size of particle belomhich 10% of the sample lies and d(0,9) is the
size of particle below which 90% of the sample.li@gt,3) is the Volume Weighted Mean or
Mass Moment Mean Diameter and d(3,2) is the Surfdleighted Mean, also known as the

Surface Area Moment Mean Diameter or Sauter mean.
2.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis aimed to determine watentent of the different lime putty
studied. They were performed using a Q50 (TA Imsets, Water, USA) apparatus following a

constant increase of 10°C/min up to 600°C stagtrrgom temperature (around 20°C).
2.5 Rheological tests

Each putty was rheologically analysed at four dieawater contents, i.e. 45, 50, 60 and 70%.
LLP samples were directly obtained by dispersing dhy powder in distilled water up to the
desired concentration. Nonetheless, as phosphogypad aged limes were hold in pastes with
around 50% water content, TGA was used to determhieeexact content of water in order to

adjust with distilled water the desired concentratiTo obtain lower water concentrations (45



and 50%), a certain amount of water was previowsigoved by centrifugation of the limes,
performed during 15 minutes at 4200 rpm, and tiensame protocol for the adjustment of
concentration was followed. The purpose of usingtrifiegation to decrease the initial water
content is to avoid any alteration that the dryprgcess in a stove might produce in limes

crystallinity.

For each lime sample, stress growth experimentsairsient shear flow, at four selected shear
rates, i.e., 0.1, 1, 10 and 100, svere performed in a controlled-strain ARES rhetmme
(Rheometric Scientific, U.K.) fitted with a speciaixing geometry dealing with a cylindrical
vessel and a helical ribbon very convenient to éyairticle sedimentation and wall slip effects
during the measurement [25]. These tests allow @aitor the evolution of the viscosity with
shearing time. Moreover, viscous flow measuremers: also obtained by applying a shear
rate-stepped ramp from 0.03 to 10%) waiting time of 2 min in each step, using the samne
geometry. On the other hand, small-amplitude agoity shear (SAOS) tests within the linear
viscoelastic regime were carried out in a MARS (kaaThermo Scientific, Germany)
rheometer, using a 50 mm parallel serrated plattemgeometry, in a frequency range of 0.03-
100 rad/s. The linear viscoelastic range was pusiyodetermined by means of stress sweep
tests at 1 Hz. All rheological measurements weréopaed as soon as samples were prepared,

in order to obtain reliable results according te different concentrations.

3. PHOSPHOGYPSUM AND LIME PUTTIESCHARACTERIZATION RESULTS

3.1 Lime putty from phosphogypsum (PLP)

3.1.1 Raw material

Crude solid and dried phosphogypsum (~ 96% by wei§hCaSQe2H,0O) was supplied by

Fertiberia (Huelva, Spain). The PG was homogenigemjnd and dried in the oven at 40°C for



48 hours to preserve the structural water of gypstime diffraction patterns (Fig. 2) denote a
very homogeneous composition as expected in ralatidhe crystalline phases present in the
sample, mostly gypsum (around 96%), presentingall sesidual fraction of quartz that comes
from the storage of the residue in the rafts. A endetailed composition was determined by
XRF. The PG sample is composed mainly of Ca and §,molar ratio very close to the unit
(0.993), as expected for the gypsum, and a 18.4%dight loss of ignition (LOI), due to
dehydrated gypsum (table 1). The particle sizeidigion of phosphogypsum dried in the oven
at 40°C to eliminate the humidity, without the apgiion of any other treatment, was
determined by laser granulometry dry way to conghyetharacterize this material. It shows a
granulometric profile with a very homogenous disition of sizes with 90% of particles
smaller than 108.023 microns, 50% below 33.p26and 10% of 5.158m. SEM observations
reveal the presence of gypsum crystals (Fig. 3 Phosphogypsum has a very marked
crystalline structure, mainly of rhomboidal and &ganal forms. In our case, we observed a
stacking arrangement of homogenous and prismatosgtogypsum and a well-developed

euhedral structure, monoclinic with a tabular habithombic and orthorhombic crystals [26].

Figure 2: X-ray diffraction patterns of samples “PG”,

Figure 3: SEM images of sample “PG”

3.1.2 Synthesis of the PLP

The process used to obtain lime putty is basechemtethod proposed by Cardenas-Escudero
[6], even though some modifications have been madarding its initial methodology. In a
first stage, 300 g of phosphogypsum were dissolvesD0 ml of distilled HO under magnetic
stirring, obtaining a suspension after stirring. e other hand, a 9M alkaline solution of
NaOH (PA-ACS-ISO pellets, PANREAC Quimica SAU, 98%emical purity) was slowly

added to this suspension to favour the crystaitinadf the solid phase. The mixture was kept



under atmospheric pressure aatdoomtemperature under magnetic stirring for approxityate

10 min (Fig. 4). The chemical reaction associatél this chemical process is described below:

CasqQ - 2HO + 2NaOH— Ca (OH} + NaSO, + 2H,0

This process results in the dissolution of the RGthe precipitation of an off-white solid phase
labelled "PLP" and a N&Q, solution as a clear supernatant liquid. The sdtidse "PLP" was
obtained by centrifugation during 5 min at 3000 rama taken for XRD (Fig. 5) and XRF (table
1) analysis; whereas the liquid phase was discasitezk it was not the object of our study.
Several samples of the solid phase were takentdidly sThe samples were dried at 40°C and

kept in hermetic containers to avoid their carbamat

As a result, a precipitate of a whitish solid ph&&OH) and an agueous phase with a high
concentration in N&O, were obtained. In order to not alter as much asiplesthe lime putty
obtained, once the precipitation was completed,stfgernatant liquid was removed and the
solid phase washed with distilled water to redumee doncentration of sulphates in the sample.
The process of obtaining the lime putty ends witl incorporation of barium hydroxide to
achieve complete insolubilization of the sulphgtessent in the precipitate so as to avoid the
interferences that could result from the crystatian/dissolution of these salts. The final

product obtained is a lime putty with an approxienatimidity of 50%.

Figure 4: Experimental process scheme

Figure5: X-ray diffraction pattern of simple “PLP”

Regarding PLP composition shown in Table 1. Chelhginalysis results are in agreement with
the major presence of portlandite and minoritiestlofnardite and quartz which can be

appreciated in DRX spectrum. The major presenc@afd, attributable to calcium hydroxide,



NaO and SQ assignable to sodium sulphate can be appreciatbith would lead to an
approximate composition of around 65% of portlamdind 30% of sodium sulphate, with the

presence of silica impurities attributable to gmnamd phosphates (1.02%).

Table 1. Major elements chemical composition. (LOI: Lo$sgmition at 1000 °C; ND: not

detected).

Major elements (wt.%) Phosphogypsum PLP
SiG, 2.52 4.09
Al,O3 0.20 0.12
Fe0s ND ND
MnO ND ND
MgO ND ND
CaO 32.00 49.41
Na,O 0.01 12.43
K,0 0.02 ND
TiO, ND ND
P,Os 0.65 1.02
SG; 46.00 13.56

Cl ND ND
F ND ND
SrO ND ND
BaO ND ND
LOI 18.40 19.40

In relation to other elements present in the phogpbsum, Cr, As, T, Ni, V, Se, Cd, Pb, Zn
and Th have been analysed [27]. Most of these iitipsimvere transferred in the process to the
resulting slaked lime (portlandite), being pradticandetectable in the supernatant liquid. The

concentrations in the portlandite of most of thacér impurities initially contained in the



phosphogypsurimplied average transfer factors of 100%, so mbshese elements would be
fixed [28]. It should be noted that the precipiatiof heavy metals with greater contaminating
capacity occurs in the resulting solid product,ckhis positive as they are stabilized, decreasing

the risks of solubilization and leaching [29].

3.2 Other lime putties

Two other lime putties were characterized and taeereference:

* Lime putty CL90-S PL, which follows UNE-EN 459-1:1anually slaked and
aged for five years in raft, was supplied by thepany Gordillo's de Morén de
la Frontera (Seville) (ALP). The supernatant liqlids been eliminated by
decanting, so that drying by heating the sampkv@ded, avoiding alteration
of the natural crystallization process of the poitlite, obtaining a
concentration similar to the product coming frome tfreatment of the
phosphogypsum. One sample was dried in an ovef°a& dnd was taken for
analysis by XRD (Fig. 6). The majority phase istlamdite, calcite peaks are
visibly attributable to the sample handling process

* The hydrated calcitic lime CL90-S was supplied awder form by Gordillo's
and then it was used to prepare a lime putty iriaiory with a water:lime
powder weight ratio of 0.5 (LLP). It was prepareddbirring until the product
was completely homogenized, dried in an oven aE4B°sample was dried in
an oven at 40°C and was taken for analysis by XRD. (7). The majority
phase is portlandite, whereas calcite peaks aibleviand attributable to the

sample handling process.

Figure6. Diffractograms and crystalline phases in the darfpLP”



Figure 7. Diffractograms and crystalline phases in the sarfipLP”

4. RESULTSAND DISCUSSION

The results obtained from the putties granulometi@lysis in water, with or without
ultrasound treatment (0, 5 min time of exposurehwiifferent approximations are shown in
Fig. 8, 9, 10 and tables 2 and 3. We have usedRraiimhofer and Mie difraction approaches to
calculate the particle size distribution. Fraunhafedoes not require the knowledge of the
optical properties of the sample, whereas Mie'ssd@efractive index and imaginary

component) together with the refractive index @ dlispersant.

PLP SEM-FEG micrographies show an abundance ofgpmalite hexagonal crystals of tabular
morphology (size ~ 1um), very regular and well oigad (Fig. 11 top). There are signs of
lamination in the direction parallel to (0001). &adldition, portlandite characterized by platy
nanoparticles (needle and sheet forms), formingrometric aggregates with high porosity
(Fig.11 middle), and submicrometer platelets, @ilise nanoparticles of portlandite are

observed (Fig.11 bottom).

The results obtained by granulometry indicate tihat particle sizes are higher than those
determined by SEM-FEGL, which may be a consequeifcan important phenomenon of
agglomeration of lime particles in the aqueous ehagith a decisive influence over the
rheological behaviour. These differences are cowd by the significant decrease in particle
size in all the percentiles when the measurememdde by applying ultrasonication. It is
important to point out that, regardless of theueafice of the ultrasonication treatment, the three
samples behaviour evolves in a similar way, whidlargntees a correct correlation with the

rheological characterization. In any case, it stidnd noted that PLP sample has a mean particle



size higher than ALP and LLP, which allows to asseca slightly more fluid behaviour

associated with lower specific surface area an@towmber of micro-particles [11-15,23].

Figure 8: (top) approximation of Fraunhofer for PLP and (botj approximation of Mie for

PLP.

Figure 9: (left) approximation of Fraunhofer for LLP anabfrt)approximation of Mie for LLP.

Figure 10: (left) approximation of Fraunhofer for the ALP afndjht)approximation of Mie for

the ALP.

Table 2. Percentiles and lime particle sizes scattered in water. Approximation of Fraunhofer

Ultrasonication duration  Percentil PLP (um) Percentil LLP (um) Percencil ALP (um)

(min)

0 d(09)=99.725 d(09)=191.779 d(09)=374.463
d(05)=42.584 d(05)=26.755 d(05)=38.481
d(01)=14.926 d(01)=6.716 d(01)=10.295

5 d(09)=72.091 d(09)=50.293 d(09)=56.408
d(05)=30.516 d(05)=20.264 d(05)=14.977
d(01)=11.353 d(01)=6.336 d(01)=3.942

Table 3: Percentiles and lime particle sizes scattered in water. Approximation of Mie.

Ultrasonication duration Percentil PLP (um) Percentil LLP (um) Percentil ALP (um)

(min)

0 d(09)=109.044 d(09)=202.051 d(09)=391.552
d(05)=45.857 d(05)=29.306 d(05)=40.555

d(01)=15.836 d(01)=7.779 d(01)=10.966




5 d(09)=71.57 d(09)=49.611 d(09)=60.460
d(05)=30.204 d(05)=20.819 d(05)=15.404

d(01)=11.824 d(01)=9.057 d(01)=5.581

Figure11. SEM images of simple putty prepared from PLP. (tpP (middle) and ALP

(bottom)

4.1 Viscoelastic behaviour

Fig. 12 shows the evolution of both storage (Gl éwss (G") moduli with frequency for the
different lime putty and water contents evaluatks.can be seen, as expected, the values of
both viscoelastic moduli increase with solid comteMoreover, regarding the frequency
dependence, at low water contents (typically 45%0%), the beginning of the terminal region,
characterized by a crossover point between bottoglastic functions, which determines the
flow region, can be clearly observed at low frequies for all putty samples, along with the
plateau region, characteristic of three-dimensiontrnal structure resulting from interacting
particles, at higher frequencies. Nonethelessrastmgly, when increasing water content, the
plateau region is generally expanded in detriméml@ terminal zone which was only detected
at lower water contents. In principle, this is arexpected result that may be explained by an
enhancement of inter-particles interactions andefoee material cohesion as a result of

increasing hydrogen bonding and capillary forcé€j.[3

Figure 12. Viscoelastic moduli for LLP, ALP and PLP limesdifferent water concentrations.

When comparing the three lime putties at any gis@mcentration, the highest values of SAOS

(Small-Amplitude Oscillatory Shear) functions wesiown by ALP, followed by LLP,

excepting G” for the 45% water content (LLP45 andPA5 samples), whereas PLP always



exhibited noticeably lower values of the viscoataftinctions. These results can be, in part,
explained attending to the granulometry of the dampThe mean particle size of lime
suspensions, generally varies inversely with thecoglastic moduli, i.e. higher particle size
leads to a lower structuration as a consequent®edbwer number of interacting particles and
specific surface area exposed. As previously meado viscoelastic moduli decreased when
water concentration was risen, however, there mmificant differences among these drops
when comparing the different limes. For instan¢e differences respecting the aged lime
which shows the highest values, became higher #gltehwhen increasing water content.
These relative progressions are illustrated inetdbfor the storage moduli at 10 rad/s. Finally,
the relative elasticity of the different samples t& evaluated by means of the loss tangent (tan
d = G"/G’). As can be seen in Fig. 13, the valuesl @volution of the loss tangent with
frequency are generally similar for all the sampiedependently on the type of lime and water
content. Nevertheless, some interesting pointsbearemarked. For ALP, a lower tanwas
obtained for ALP45, which could be expected as ithe most concentrated sample. However,
the lowest values of tahfor LLP were shown by LLP70, in agreement with there extended

plateau region. The same influence can be obsenedP70 at low frequencies.

Table 4. Percentage difference of G' values, at 10 radépercting the aged lime putty (ALP).

Water content (%) LLP (%) PLP (%)
45 -9.75 -44.70
50 -58.16 -82.90
60 -79.00 -88.71
70 -85.31 -95.99

Figurel3. tard for LLP, ALP and PLP at different water conceritras.



4.2 VViscous flow measur ements

All samples demonstrated a shear-thinning behawbal the concentrations studied within the
shear rate range studied, however, there are $elrfeaences among the different lime kinds
regarding the viscosity values and shear rate dkpme (Fig. 14). For most of the samples, the

evolution of viscosity can be properly fitted t@thower-law model, as reported elsewhere [9]:

where K andn are the consistency and flow indexes respectivéblues of these fitting
parameters are listed in table 5. In all cases,fldve index was similar and close to zero,
characteristic of yielding materials [31]. Howevix;, 60 and 70% water contents, commercial
and phosphogypsum lime putties shown a tendenagdoh both zero- and high-shear rate
limiting viscosities, which needs additional fitjirparameters, as also found in other studies

[15]. The Cross model can be satisfactorily empdioyefit this evolution:

N =N+ (770 - 7700)/(1 + (m : }-/)n—l)

wheren,, andn, are the final and initial viscosity values, whilstis related to reciprocal shear
rate for the onset of the power-law evolution, andhas a similar meaning than the same
parameter in the power-law model. Values of themaupeters for these particular putties are

also included in table 5.



Figure 14. Viscous flow measurements (filled points) for LIAP and PLP limes at different
water concentrations. (hollow points refer to efuilm values obtained from stress growth

experiments).

Table 5. Characteristics parameters of the power-law amdg<models for the lime putty

studied.

Sample Eta Eta, K(Pa:§) m(Pa-§ n

PLP45 27.56 0.07
PLPS50 18.24 0.1
PLP60 44.37 0.03 62.22 0.06
PLP70 8.48 0.013 40.62 0.05
LLP45 105.67 0.15
LLPS0 34.31 0.18
LLP60 103.48 0.09 15.27 0.07
LLP70 38.54 0.09 15.12 0.19
ALP45 321.02 0
ALP50 127.29 0
ALP60 34.32 0.04
ALP70 9.73 0.06

When the three lime putty samples are comparedh) #d# clearly shows the highest viscosity
values, whereas PLP samples always show the laxaksts (see for instance K values in table
5). These results are in agreement with those quelyi discussed regarding the viscoelastic
response. On the other hand, viscosity progressidatreases with the water content, following
a power-law evolution, for all the lime puttiesdied. This fact supports that water dependent
inter-particle interactions under flow for slakdchés are qualitatively similar. However, this

decrease in viscosity is more dramatic for LLP aspecially for PLP samples (Fig. 15).



Figure 15. Variation of the viscosity values at 1 with water content.

4.3 Transient flow

The transient flow behaviour of the three lime jasttwas investigated by performing stress
growth experiments at constant shear rates. Fighd®%s the transient flow curves, in the form
of viscosity vs. time plots as a function of thelégd shear rate, for all the samples studied. The
evolution of the transient shear stress is simdathat observed for other thixotropic colloidal
suspensions [32], which is the result of a wellskknmon-linear viscoelastic response initially,
and the time-dependent shear-induced structuralfivetibn once the maximum shear stress,
i.e. the stress overshoot, was reached. In mosiscése elastic deformation is the prevailing
component, so that the stress overshoot, whichattaimed in seconds, approximately coincides
with the equilibrium (steady-state) value, espégiat highest water contents (60 and 70%), as
can be seen in Fig. 15 in terms of viscosity. Tiisans that no significant shear-induced
structural perturbations occur over time. Howegemuch more complex behaviour is apparent
at lower water contents. Thus, once the maximunuevalas attained, either a thickening
phenomenon over time, i.e. rheopexy, favouredatdbear rates, or a viscosity decrease, i.e.
thixotropy, favoured at high shear rates, was oleserThis shear rate dependent behaviour
found in highly concentrated putty may be explaiaedhe result of a balance between a curing
kinetics and the shear-induced disruption of agapesy Exceptionally, both phenomena can be
clearly distinguished, see for instance sample IOLR5 low shear rates. Moreover, some
disturbances at high shear times and/or suddersdnogiscosity can be occasionally detected
(see for instance samples LLP45 and ALP45 at velgtihigh shear rates), which must be

attributed to shear-induced fracture phenomena.

A quantification of the shear-induced structuratadkdown can be done by estimating the

“amount of overshoot”, which is defined as:



whereTna IS the stress overshoot amd is the equilibrium stress. Considering that, instno

cases, almost constant values of the stress wexehed before agglomeration or other
mentioned anomalous effects, the equilibrium vale® considered do not take into account
those effects. The values of the amount of oveltsa@shown in table 6 as a function of shear
rate for all the samples studied. As can be se&egemeral, very small values were obtained in
all the samples, which corroborates that the visstieity is the prevailing component and no
significant structural breakdown is noticed. To o this fact, the equilibrium viscosity values

obtained from the stress-growth tests were als@add Fig. 14 and compared with viscous
flow curves obtained in stepped-stress ramps. Asicthel in the figure, these values are

reasonably in agreement for all the samples anderdrations studied.

By analogy with the amount of overshoot, anotheampeter more related with the applications
of lime putty may be defined, considering the strealue at 1 min instead of the equilibrium

one, which may be considered an approximate timgdstabilization:

Sl+ — z-max B Z-1min
min "~
Z-1min

In this way, all the above-mentioned phenomenataka place at this time (1 min).. Either
important negative values of this parameter (dowratound -30% or -50%) or noticeable
positive values can be indistinctly found, espégiak low water contents and/or low shear
rates, which is attributable to disruption, aggloatien and other effects previously discussed.

The values of 5, are also shown in table 6.



Figure 16. Transient Flow behaviour of the three lime puttieglied and all water

concentrations (Shear rates of 0'1s), 1 s'(e), 10 s'(A), 100 §'(V)).

Table6. S'egand S, for the samples studied.

S s | S @ | S| S Sl Sa | S

PLP45 0.1 0.16 -0.58 LLP45 0.1 0.0§ -0.38 ALPA45 0.1 0.34 -0.34
1 0.36 0.24 1 0.30 -0.28 1 0.74 -0.17

10 0.00 -0.32 10 0.65 -0.36 10 0.20 0.48

100 0.10 0.11 100 0.05 0.17 100 0.10 0.35

PLP50 0.1 0.10 0.10 LLP5Q 0.1 0.84 0.25 ALPHO 0.1 460 -0.19
1 0.00 0.00 1 1.02 0.51] 1 0.75 0.00

10 0.04 0.00 10 0.03 0.14 10 0.10 0.09

100 0.05 0.03 100 0.21 0.14 100 0.01 0.01

PLP60 0.1 0.09 -0.37 LLP6Q 0.1 0.16 -0.15 ALPBO 0.1 1.08 0.37
1 0.08 -0.13 1 0.03 0.05 1 0.82 0.49

10 0.09 0.06 10 0.56 -0.24§ 10 0.04 0.13

100 0.18 0.15 100 0.02 0.07 100 0.03 0.02

PLP70 0.1 0.02 -0.13 LLP7Q 0.1 0.0(¢ -0.04 ALPJO 0.1 0.00 -0.04
1 0.17 0.09 1 0.06 -0.03 1 0.09 0.13

10 0.24 0.12 10 0.13 0.09 10 0.12 0.13

100 0.02 -0.04 100 0.00 -0.01 100 0.02 0.01

5. CONCLUSIONS

The article herein presents the rheological behawod a commercial lime putty, and aged lime
putty and a putty obtained from phospogypsum wasité¢lse Huelva province, confirming that
PLP does not show any inappropriate behaviour deggreither linear viscoelasticity or
viscous flow behaviour focused on possible appbecat as commercial-lime substituent in

composite materials for the building and constarctindustry. In addition, the slaked lime



obtaining process from phospogypsum would consdtyjudead to the precipitation of
hazardous isotopes, removing those from the ligtate where their presence put into risk both
human being and the environment. Another powedubatage is the high carbonation capacity

that the slake limes possess, favouring €€yuestration.

Generally, the transient flow behaviour was higiéypendent on water content. The lime putties
develop an initial viscosity increase (due to eétasfffects) and afterwards either remains
constant or slightly decreases, demonstrating anaticeable shear-induced structural change.
Subsequently, at higher shearing times, two diffe@omalous behaviours can be found,
especially at lower water contents: either a sigaift viscosity increase at low shear rates,
which can be attributed to the formation of agglomes, or a decrease in viscosity,
predominantly at high shear rates, due to the plignu of aggregates or fracture occurrence. It
is worth noticing that PLP, although exhibiting lemviscous values, displayed more stable and
slightly thixotropic transient flow at high sheates than ALP and LLP (comparable to stirring
conditions of industrial putty application), avaidithe above explained anomalous effects, thus

favouring the workability of this material.

Regarding frequency sweeps, all samples exhibif genilar qualitative response, being the
elastic contribution more important than the vicome, especially at high frequencies where
the plateau zone is always noticed. This lineacogfastic response confirms a high level of
structural interactions among calcium hydroxidetipks. Moreover, LLP and ALP samples
shows very similar values of the SAOS functiondoat water concentrations. Nonetheless,
when water concentration was raised, differencesmre higher, ALP showing the highest
values. On the contrary, PLP always exhibited thwebkt values of the SAOS functions

analysed for all concentrations studied.



Viscosity flow tests demonstrate a pronounced stiganing behaviour for all samples, with
flow index values close to 0, PLP again showing ltveest viscosity values. In addition, the

viscosity of PLP samples is more affected by wetetent.

All these rheological properties measured were istar® with the grain size of the samples
studied.The portlandite crystals agglomeration phenomenas & relevant influence on the

rheological behaviour of the pastes, independeftihe crystalline morphology. Attending to

the granulometry, the larger the mean particle, sielower the values of the linear viscoelastic
functions and viscosity. Thus, a larger agglomeragarticle size develops a smaller structuring
effect due to the number of interacting particled apecific surface exposed. In this way, the
PLP sample always showed lower viscoelastic funstigalues than commercial putties, in

coherence with the granulometric curves.
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