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Abstract Hydrated filler-type flame retardants were

coated with approximately a monolayer of stearic acid using

a solvent technique. Compared to the uncoated powders, the

BET surface area was lower, the powder packing density

was improved, and the thickening effect on white oil was

significantly reduced. The latter two observations are

rationalized in terms of a reduction in the attractive inter-

actions between the powder particles. The viscosity of white

oil slurries containing 25 wt% solids showed shear-thinning

non-Newtonian behavior. The coated powders showed sig-

nificantly lower viscosities at low shear rates although the

difference diminished at high shear rates. The lower vis-

cosities shown by the coated powders indicate that the

surface modification facilitated the break-up of agglomer-

ates and the dispersion of individual particles in the fluid.

Introduction

Polymers find increasing use as structural and functional

materials. Owing to their combustible, organic nature, they

pose a fire risk in some applications. This risk can be

reduced by incorporating flame retardant additives. Laoutid

et al. [1] provide a recent review of flame retardants for

polymers. Hydrated fillers, e.g., aluminum trihydrate and

magnesium hydroxide, have utility as endothermic flame

retardants [2–4].

The candle model for polymer burning assumes inde-

pendent pyrolysis and flame zones [5]. Heat transfer from

the flame provides coupling between the gas and con-

densed phases. It drives the thermal degradation reactions

that produce volatile fuel fragments that, in turn, feed the

flame. This model suggests three possible strategies for

flame proofing combustible polymers [5, 6]: (i) interference

with the gas phase combustion and (ii) with the substrate

pyrolysis reactions or (iii) their decoupling via a physical

barrier to heat and mass transport. With endothermic flame

retardants this may correspond to (i) dilution of the flam-

mable gas with inert gases; (ii) the cooling of the substrate

and promotion of charring; and (iii) the formation of an

ash–char barrier layer. The endothermic decomposition

reaction absorbs heat and releases inert gases [1, 4, 7]. The

cooling of the polymer substrate inhibits the solid phase

decomposition reactions. Simultaneously the steam and/or

carbon dioxide released by the reaction dilutes the sur-

rounding atmosphere with an inert gas.

The use of endothermic flame retardants is associated

with some problems. In particular, on decomposition,

Mg(OH)2 forms a powdery residue with a high surface area

[8]. It tends to catalyze oxidation of char residues leading to

an afterglow effect. As a result, effective barrier formation

is realized only when additional additives are incorporated

[4, 9–11]. Second, high loadings are required to achieve

adequate flame resistance [4]. The high filler loadings

impair the fluidity of the corresponding melts [4, 12–14]

and the mechanical properties of the solid compounds

[4, 12]. Since these fillers are pulverized bulk materials,

they tend to agglomerate during conveying and storage as a

result of adhesive forces. When these agglomerates are
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added to a polymer, it is necessary that the compounding

process succeeds in breaking down the agglomerates and

thoroughly disperses the individual particles in the polymer

melt [15]. A well-mixed homogeneous dispersion is

required to minimize melt viscosity. The mechanical

integrity of the compound is also compromised by the

hydrophilic nature of these filler surfaces. Suitable surface

modifications can improve the compatibility of inorganic

fillers with hydrophobic polymer matrices [12]. Stearic acid

is widely used to coat basic fillers such as calcium carbonate

[16–19], magnesium hydroxide [12, 14, 17, 20–22], and

hydromagnesite [23]. Compounds containing stearate-

coated fillers show better processing behavior, increased

elongation to break, and improved impact properties at the

cost of reduced tensile strength [12, 17, 24–27].

The degradation onset temperature for aluminum trihy-

drate is about 210 �C and it absorbs ca. 1.05 MJ/kg of heat

[1]. Magnesium hydroxide is significantly more stable.

Thermal decomposition occurs in the temperature range

280–350 �C and the enthalpy of decomposition is 1.2–1.3

MJ/kg [1, 28]. This allows magnesium hydroxide to be

used in polymers requiring higher processing temperatures,

e.g., nylon and polypropylene [29].

Magnesium carbonate and magnesium hydroxide (Mg

(OH)2) occur in nature as the minerals magnesite and bru-

cite. Magnesium hydroxide has a layered structure com-

posed of stacked trioctahedral metal hydroxide sheets.

Hydrotalcite is a natural anionic clay mineral with the

structural formula: Mg6Al2(OH)16CO3�4H2O. However, in

this study we consider a synthetic hydrotalcite-like com-

pound with nominal composition Mg4Al2(OH)12CO3�
3H2O. Such synthetic analogs are commonly referred to as

layered double hydroxides (LDH) [30, 31]. They also fea-

ture the brucite-like stacked sheet structure of magnesium

hydroxide [31]. The difference is that a portion of the

magnesium ions in the sheets have been replaced with

aluminum ions. This substitution imparts a net positive

charge that is balanced by an equal negative charge from the

interlayer carbonate anions [32]. Water molecules also

occupy the interlayer space.

Hydrous carbonates and basic magnesium hydroxycar-

bonates are intermediate phases located between magne-

sium hydroxide and magnesium carbonate. Forms that occur

as minerals [33] include nesquehonite (MgCO3�3H2O) and

lansfordite (MgCO3�5H2O) [34], artinite (MgCO3�Mg (OH)2�
3H2O), hydromagnesite (4MgCO3�Mg(OH)2�4H2O) and

dypingite (4MgCO3�Mg(OH)2�5H2O) [35]. At a unit cell

level, these minerals also have a layer structure [34].

Magnesium hydroxide and magnesium carbonate are read-

ily synthesized but it is very difficult to prepare pure, single

phase basic magnesium carbonate forms. Nevertheless,

Hayek and Gleispach [36] showed that pure hydromagnesite

can be prepared by homogeneous precipitation and com-

plex-acidolysis.

Camino et al. [28] compared the flame retardant effect

of various inorganic hydroxides with that of hydrotalcite in

poly(ethylene-co-vinyl acetate) (EVA). They found that

EVA filled with 50 wt% flame retardant; the hydrotalcite-

based compound featured the slowest heat release rate and

the lowest evolved gas temperature. The basic carbonates,

e.g., hydromagnesite, may offer fire retardancy perfor-

mance comparable to magnesium hydroxide [1, 3, 26, 37,

38]. While the enthalpy of decomposition is lower at ca.

0.80 MJ/kg [23], a greater quantity of inert gases including

carbon dioxide is released.

This study is a first step in a project designed to explore

the utility of magnesite ore-derived compounds as potential

flame retardants for polymers. Powders were prepared on a

pilot plant using proprietary processes and yielded small

crystals in a profusely agglomerated state. Powders com-

posed of such small agglomerated crystals are not suitable

for compounding into polymer melts. They adversely affect

the melt viscosity and the required loading levels can often

not be achieved. However, owing to their high surface area,

they are ideal for studying the effect of stearic acids coat-

ings on physical properties. This investigation considers the

effect of stearic acid coatings on the properties of such

hydromagnesite and hydrotalcite powders as well as a

magnesium hydroxide reference material. Finally, we fol-

low Zhang et al. [13] and use mineral oil as model liquid to

study the effect of the surface coating on the rheology of the

particle suspensions.

Experimental

Materials

Hydromagnesite (grade HMH) and hydrotalcite (grade

HT5) were supplied by Chamotte Holdings. The hydro-

magnesite was manufactured using a proprietary procedure

based on the methods described by Botha and Strydom [39].

The hydrotalcite is a layered double hydroxide with the

approximate composition [Mg0.66Al0.34(OH)2](CO3)0.17�
1/2H2O. Both materials contained silica and magnesium

carbonate as minor impurities. Magnesium hydroxide was

obtained from Aldrich (Cat. No. 31,009-3 magnesium

hydroxide 95%). Distilled water was used in all experi-

ments. White oil, with a density of 0.831 g/cm3 at 20 �C and

a viscosity of 13.8 mPa s at 40 �C, was obtained from

Akulu Marchon. Acetone (99.5%) and stearic acid were

supplied by Saarchem UnivAR and Bio-Zone Chemicals

respectively. Potassium bromide (Uvasol KBr, Merck) was

used to prepare samples for the recording of infrared spectra.
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Stearic acid coating

Stearic acid surface coatings were applied using a solution

method. A predetermined amount of stearic acid was

weighed out into a 500-mL Schott Duran bottle. To this was

added 400 mL of acetone. The sealed bottle was suspended

in a water bath and shaken at regular intervals until all the

stearic acid was fully dissolved. Then 20 g of inorganic filler

(hydromagnesite, hydrotalcite, or magnesium hydroxide)

was added. The mixture was shaken manually for about

1 min. Thereafter the contents were stirred for 30 min using

a magnetic stirrer. The mixture was then allowed to stand for

3 days before recovering the filler and the solvent by

filtering. The filtrates were dried at ambient temperature. In

this way, the powders were exposed to solutions containing

0, 0.25, 0.50, 1.00, 2.50, and 5.00 g/L stearic acid in ace-

tone. This corresponds to total stearic acid dosage levels

corresponding to 0, 0.5, 1, 2, 5, and 10 wt% based on the

mass of neat filler added. The actual amount of stearate

absorbed on or by the fillers treated with the 2.5 and 5 g/L

solutions was determined by evaporating the recovered

acetone solutions and weighing the residues.

Characterization

Particle size and BET surface area

Particle size distributions (PSD) were determined using a

Malvern Mastersizer Hydro 2000MU instrument. Single

point BET surface area measurements were done using a

Micromeritics Flowsorb II 2300 instrument.

Oil absorption

The oil absorption of neat powders, as well as powders

treated with the 2.5 g/L stearic acid solution, was deter-

mined using the spatula rub-out method described in ASTM

D 281-95.

Tap density

Tap density was determined by adding small amounts of

powder to a 50-mL measuring cylinder. After each addi-

tion, the cylinder was exhaustively tapped against a woo-

den board at an angle of ca. 25� from the vertical to

consolidate the column of powder. The mass of powder

corresponding to a tapped volume of 50 mL was deter-

mined. The average of triplicate determinations is reported.

Scanning electron microscopy (SEM)

Small quantities of powder were placed onto carbon tape

on a metal sample holder. Excess powder was removed

using a single compressed air blast. The samples were then

coated with gold under argon gas using a SEM autocoating

unit E5200 (Polaron equipment LTD). They were viewed

on a JEOL 840 SEM scanning electron microscope under

low magnification.

Thermal analysis

About 15 mg powder was placed in open 70 lL alumina

pans. Thermogravimetric analysis was performed using the

dynamic method on a Mettler Toledo A851 TGA/SDTA

instrument in air flowing at a rate of 50 mL/min. Temper-

ature was scanned from 25 to 900 �C at a rate of 10 �C/min.

X-ray diffraction (XRD)

X-ray diffraction (XRD) analysis on a PANalytical X-pert

Pro powder diffractometer was used for phase identifica-

tion. The instrument featured variable divergence and

receiving slits and an X’celerator detector using Fe filtered

Co Ka radiation (0.17901 nm). X’Pert High Score Plus

software was used for data manipulation.

Diffuse reflectance infrared-fourier transform (DRIFT)

analysis

Infrared spectra were recorded using a Diffuse Reflectance

Infrared-Fourier Transform (DRIFT) accessory on a Per-

kin-Elmer Spectrum 2000GX FTIR spectrometer. The ratio

of sample mass to KBr mass was set at 1:20. Thirty scans

were recorded over the frequency range 400–4000 cm-1

and Fourier transformed at a resolution of 4 cm-1.

Rheology

The white oil suspensions containing 25 wt% inorganic

filler were prepared as follows: 2.250 g neat powder or

2.368 g of the 5% stearic acid coated sample were mixed

with 6.750 and 6.632 g white oil, respectively. The pow-

ders were thoroughly mixed into the liquid using an agate

mortar and pestle. The viscosities of these white oil sus-

pensions were measured at a temperature of 30 �C on an

Anton Paar Physica UDS 200 rheometer using the parallel

plate geometry. The disk diameter was 25 mm and the gap

between the two plates was set at 1.1 mm.

X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) spectra were

obtained on a PHI spectrometer (Model 5400) equipped

with an Mg/Al dual mode source and a small area analyzer

with PSD detector. An achromatic Mg Ka X-ray (1253.6 eV)

source was operated at 300 W. The vacuum pressure was
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10-8 torr during spectra acquisition. Survey spectra were

obtained at take-off angles of 15, 45, and 80 �C. Before

analysis, samples were dried over P2O5 in a vacuum

desiccator.

Results

Figure 1 shows the morphology of the neat filler particles as

observed by SEM. It shows that the hydrotalcite and the

magnesium hydroxide powders comprise copiously agglo-

merated flake-like particles. The hydromagnesite consists of

well-formed, dice-shaped crystals that appear glued-toge-

ther by a less well-defined phase.

The Malvern particle size analysis of the all the powders

revealed bimodal PSD. The peak corresponding to the

larger particle size is attributed to the presence of large

agglomerates. The locations of the peaks at smaller parti-

cles sizes in the PSD probably give a better indication of

primary particle dimensions. These were 1.5, 1.0, and

5.8 lm for magnesium hydroxide, hydrotalcite, and hyd-

romagnesite, respectively.

The XRD spectra in Fig. 2 and the DRIFT spectra in

Fig. 3 confirm the chemical nature of the three powders.

The sharp peaks in the XRD spectrum for Mg(OH)2 and

hydrotalcite point to high crystallinity of the corresponding

powders. The peaks at 2h = 21.6� and 2h = 13.5� in the

XRD spectra for magnesium hydroxide and hydrotalcite

are consistent with the expected brucite layer basal

spacings of 0.477 and 0.763 nm, respectively. The XRD

spectrum for the hydromagnesite shows additional reflec-

tions that indicate the presence of dypingite and magnesite

as impurity phases.

The Mg(OH)2 DRIFT spectrum shown in Fig. 3 is

characterized by a sharp and intense –OH stretching vibra-

tion peak at ca. 3700 cm-1. This sharp peak is also observed

Fig. 1 SEM pictures showing

the morphology of the neat

powders: a Hydrotalcite,

b Hydromagnesite,

c Magnesium hydroxide

10 15 20 25 30 35 40 45

2θ (CoKα), °

hydrotalcite

Mg(OH)2

hydromagnesite

Fig. 2 XRD spectra of the various powders. Key: hydromagnesite

(s), dypingite (D), and magnesite (?)
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in the hydromagnesite at about 3650 cm-1 but in the

hydrotalcite it is much broader and it is centered at a lower

wavenumber (ca. 3450 cm-1). The hydrotalcite features a

single carbonate peak at 1367 cm-1 while in the hydro-

magnesite the carbonate asymmetric stretching vibration

band is split with peaks at 1420 and 1480 cm-1. The latter

also features a carbonate symmetric stretch band at ca.

1120 cm-1 and three bending bands at 800 cm-1. The

presence of the water of crystallization is indicated by the

bands at ca. 3510 and 3450 cm-1 [33].

Figure 4 compares the infrared spectra of hydromagne-

site, with and without a stearic acid coating, with those for

stearic acid and magnesium stearate. The small peaks at ca.

2915 and 2855 cm-1 (due to symmetric and asymmetric

stretching vibration of aliphatic groups –CH2– groups)

confirms the presence of stearic acid in the coated sample.

The spectrum for stearic acid shows the carbonyl stretching

vibration at ca. 1700 cm-1. Unfortunately, the low inten-

sity of the absorption bands in the present hydromagnesite

spectrum makes it impossible to establish the nature of the

absorbed stearic acid, i.e., whether neutral or ionized.

Comparison of the DRIFT spectra for the stearic-acid

coated and uncoated magnesium hydroxide and hydrotalcite

samples showed similar small peaks at ca. 2915 and

2855 cm-1 for the stearic acid solution treated samples. The

absence of such peaks for the uncoated samples, confirms

the presence of stearic acid on the surface of the coated

samples.

Figure 5 shows mass loss curves for hydromagnesite,

magnesium hydroxide, and hydrotalcite powders obtained

in air. The degradation pathways for these three com-

pounds are given in Schemes 1, 2, and 3. In each case

water, or water and carbon dioxide are released in gaseous

form and inert oxides remain.

The mass loss of the hydrotalcite sample proceeds step-

wise with three distinct but overlapping peaks in the DTG

trace. These events are commonly attributed to the loss

of interlayer water, dehydroxylation, and a combination

dehydroxylation–decarbonation reaction, respectively [40].

The endothermic decomposition of hydromagnesite

occurs in three steps over the temperature range 200–550 �C
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Fig. 3 DRIFT spectra for magnesium hydroxide, hydrotalcite, and

hydromagnesite
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Fig. 4 DRIFT spectra for neat and 2.5 g/L stearic acid solution

treated hydromagnesite compared to those for magnesium stearate

and neat stearic acid
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Fig. 5 TG curves for hydromagnesite, magnesium hydroxide, and

hydrotalcite powders obtained in air at a scan rate of 10 �C/min

Mg(OH)2  MgO + H2O

Scheme 1 Thermal decomposition of magnesium hydroxide. The

theoretical mass loss is 30.9 wt%
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as shown in Scheme 3 [41]. The first step entails the removal

of water of crystallization. Water is also released in the

second step owing to the decomposition of magnesium

hydroxide layers. Finally, carbon dioxide is released when

the MgCO3 decomposes to form MgO.

The residual masses at the end temperatures indicated

in Fig. 5 were 69.3, 58.1, and 45.3 wt% for Mg(OH)2,

hydrotalcite, and hydromagnesite, respectively. The cor-

responding theoretically expected values are 69.1, 56.1,

and 43.1 wt% for Mg(OH)2, hydrotalcite, and hydromag-

nesite, respectively. The small discrepancies are attributed

to the presence of impurities.

TG was also used to estimate the amount of stearate

absorbed on the powders that were treated with 2.5 and 5 g/L

stearic acid solutions. The method assumes that the stearate

is completely lost at elevated temperatures. The calculation

procedure compared the relative mass loss of the coated

sample to that of the neat powder at high temperature (e.g.

800 �C), but adjusted with respect to the mass loss

observed at 150 �C to correct for the possibility of variable

moisture contents. The results are presented in Table 1.

Figure 6 shows the effect of stearic acid coating on the

measured BET surface areas. A decrease in BET surface

area is observed as the stearic acid concentration in the

solution is increased. However, above 1 g/L the BET sur-

face areas reached plateau values of 6.9, 10, and 23 m2/g

for magnesium hydroxide, hydrotalcite, and hydromagne-

site, respectively. This reduction is probably caused by the

stearic acid filling in some narrow crevice defects in the

plate-like crystals.

Close-packed stearic acid chains assume a hexagonal

arrangement with the extended chains oriented at an angle

29� to the vertical [42]. The projected surface area per

stearate chain is approximately equal to 0.22 nm2 [43]. If

the available surface area of the powder is completely

covered by such a monolayer, the amount absorbed is given

by 0.215 ABET wt%. The measured BET surface areas

(ABET) for the neat powders were 8.2, 17.3, and 34.5 m2/g

for Mg(OH)2, hydrotalcite, and hydromagnesite, respec-

tively. This implies monolayer coverage would be attained

at 1.8, 3.7, and 7.3 wt%, respectively. These values are

compared to measured values in Table 1. The results indi-

cate that the actual amount absorbed from solutions con-

taining 2.5 g/L or more stearic acid was slightly below the

value expected for monolayer coverage in the case of

hydrotalcite and hydromagnesite. The results also suggest

that the coverage on the magnesium hydroxide exceeded

monolayer absorption.

Figure 7 shows the carbon to oxygen (C/O) atomic ratio

calculated from the peak areas of the C1s (285–295 eV)

and O1s (530–545 eV) signals as measured by XPS. The

XPS technique samples the composition of the matter at the

surface to a depth of a few nanometers. Stearic acid has a

theoretical C/O atomic ratio of approximately 9.0. The

value obtained by XPS analysis for the grade stearic acid

used presently was actually 9.5. These values are much

higher than the theoretical ratios for the neat hydrotalcite

(0.056) and neat hydromagnesite (0.222). The ratios mea-

sured for coated samples thus provide an indication of the

amount of stearic acid absorbed on the surfaces of the

powders. The C/O atomic ratio initially increases rapidly

with the stearic acid solution concentration but then levels

off above 2.5 g/L. Values similar to that expected for neat

[Mg4Al2(OH)12]CO3 3H2O

 dehydration 120 - 250°C 

Mg4Al2(OH)12]CO3 + 3H2O

 dehydroxylation & decarbonation 250 - 550°C 

4 MgO + Al2O3 + 6H2O  + CO2

Scheme 2 Thermal decomposition of the synthetic hydrotalcite

[40, 57]

4MgCO3.Mg(OH)2.4H2O

 dehydration < 150°C 

4MgCO3.Mg(OH)2.2H2O + 2H2O

 dehydration < 250°C 

4MgCO3.Mg(OH)2 + 2H2O

 dehydroxylation 250 - 350°C 

4MgCO3.MgO + H2O

 decarbonation 350 - 550°C 

4MgCO3.MgO  5MgO + 4CO2

Scheme 3 Degradation pathway for hydromagnesite [41, 58–60]

Table 1 Stearic acid coating levels expressed in wt% as calculated from the residual level in the solvent and from TG data

Powder: Hydrotalcite Mg(OH)2 Hydromagnesite

Stearic acid solution concentration (g/L) Solvent analysis TG Solvent analysis TG Solvent analysis TG

2.5 2.5 ± 0.3 2.8 3.3 ± 0.2 2.9 5.1 ± 0.0 –

5.0 3.6 ± 0.4 3.2 2.8 ± 0.1 2.1 5.6 ± 0.0 6.4

Monolayer estimate (BET) 3.7 1.8 7.3
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stearic acid were attained for the hydromagnesite and

hydrotalcite samples treated with a solution containing

2.5 g/L stearic acid. This suggests that close to monolayer

coverage was achieved and it was therefore decided to use

these samples in the rheology experiments. The XPS data

indicates a value for the C/O atomic ratio that is approxi-

mately equivalent to two-thirds of that for stearic acid for

the Mg(OH)2 treated with the 2.5 g/L solutions and

equivalent to nine-tenths of that for stearic acid for the

Mg(OH)2 treated with the 5.0 g/L solution. This is at odds

with the TG and solution depletion estimates shown in

Table 1. Both these techniques suggest that the stearic acid

adsorbed about 50% more than a monolayer equivalent

(with the Mg(OH)2 treated with the 2.5 g/L solution having

a higher organic content). The reason for these discrepan-

cies is not understood at present. It is possible that the

‘‘missing’’ stearic acid was incorporated as a bulk phase in

crevices internal to the Mg(OH)2 particles.

Figure 8 shows specific filler volume fractions measured

using the tap density techniques and the oil absorption

technique. The values determined using the tap density

method are significantly lower than those calculated from

oil absorption measurements. This is understandable as in

this method the particles are compacted in a virtually

shear-free manner. The oil absorption procedure involves

application of significant shear with the oil acting as a

lubricant. This helps to break-up loose particle agglomer-

ates allowing the particles to pack more efficiently. The

presence of a stearic acid coating is clearly beneficial

yielding significantly higher packing densities compared to

the neat fillers. The improvement was greatest in the case

of the hydrotalcite and least for the magnesium hydroxide.

Figure 9 shows the viscosity of the white oil and sus-

pensions containing 25 wt% inorganic filler as measured at

a temperature of 30 �C. Note that the indicated filler content

refers to the purely inorganic part, i.e., the stearic acid

coating was deemed to form part of the organic liquid phase.

Owing to the large difference in densities between the solids

and the liquid medium, the volume fraction filler in the

suspensions amounted to only 10.3, 11.0, and 11.9 vol.% for

Mg(OH)2, hydromagnesite and hydrotalcite, respectively.

The white oil shows the expected Newtonian behavior

with a shear-independent viscosity of 21.7 mPa s. The

viscosities of the slurries are much higher, by several

orders of magnitude, when compared at a shear rate of
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1 s-1. However, the slurry viscosities also show strong

shear-thinning behavior. The relative viscosity for the

Mg(OH)2 slurry decreases to about 3.0 at a shear rate of

1000 s-1. Shear-thinning non-Newtonian behavior is well

known for concentrated suspensions but in this instance

such behavior is observed at the relatively low solid phase

volume fraction of 0.10–0.12. This implies that the fine

powders considered here are very effective thickening

agents for white oil. This is especially true for the uncoated

hydromagnesite and hydrotalcite powders.

Furthermore, close to identical data were generated for a

decrease in shear rate. A plot of the values for a decreasing

shear rate (reverse) fit the increasing shear rate (forward)

plots in Fig. 9 almost identically; showing no form of

hysteresis. This implies that the mechanism for the

reduction in viscosity due to an increase in shear rate is

reversible and not permanent.

The shear thinning behavior of the hydromagnesite and

hydrotalcite suspensions follow the power-law model with

g ¼ K _cn�1 ð1Þ

Values for the consistency index K and the flow behavior

index n were calculated and are presented in Table 2. Both

parameters change when a stearic acid coating is applied.

The consistency index decreases by about an order of

magnitude for the hydrotalcite and the hydromagnesite.

These changes reflect the decrease in slurry viscosity for the

coated powders compared to the neat uncoated versions.

Discussion

The viscosity of particle suspensions depends on the nature

of the flow units present [44]. The flow units may com-

prise individually dispersed powder particles or particle

agglomerates that act in unison with occluded liquid. Any

such associated liquid contributes to the effective volu-

metric concentration of the flow units in the remaining

liquid. In other words, the occluded liquid behaves in such a

way that it becomes part of the ‘‘solid’’ phase. The Newto-

nian viscosity of such suspensions is adequately described

by the Krieger–Dougherty [44–46] expression:

gr ¼
g
go

¼ 1� u
umax

� ��2:5 k umax

ð2Þ

Here go represents the viscosity of the pure fluid, g that of

the suspension, and gr is the relative viscosity. k is a particle

shape factor that assumes the value unity for spheres [44]. u
is the volume fraction of the flow units and umax is the

maximum attainable volume fraction. At this level an abrupt

transition to elastic solid-like behavior is observed [47].

Eilers’ [48, 49] expression provides an alternative for-

mulation that gives very similar results to the Krieger–

Dougherty model [45, 46]:

gr ¼ 1þ 1:25ku
1 � u=umax

� �2

ð3Þ

Real slurries show non-Newtonian flow characteristics with

the apparent viscosity decreasing with increasing rate of

shear [45]. This is commonly attributed to their agglom-

erative nature [50]. When the individual particles are sus-

pended in a liquid, they aggregate to form floc-like

agglomerates or clusters. Newtonian behavior is observed

when the agglomerates, acting as individual flow units,

retain their integrity. Non-Newtonian behavior results

when the application of shear induces changes in the

effective volume of these flow units [44–46, 50]. Quemada

[51] and Wildemuth and Williams [52] independently

posed that the incorporation of a shear-dependent maxi-

mum packing fraction (umax) in the rheological model for

viscosity suffices to explain virtually all non-Newtonian

effects over the entire concentration range. At low shear

the agglomerates assume a loose floc structure that imbibes

much of the fluid. The shear-thinning behavior observed at

Table 2 Consistency index K and the flow behaviour index n for the

slurries

Powder: Hydrotalcite Mg(OH)2 Hydromagnesite

Treatment K n K n K n

Neat 105 0.03 1.64 0.24 165 0.28

Coated (2.5 g/L) 16.3 0.17 – – 12.7 0.18

0.01

0.1

1

10

100

1 10 100 1000

Shear rate, 1/s

V
is

co
si

ty
, P

a.
s .

white oil

hydrotalcite
hydromagnesite

Mg(OH)2

Fig. 9 Effect of stearic acid coating on the viscosity of 25 wt%

suspensions of hydromagnesite, magnesium hydroxide, and hydrotal-

cite powders in white oil at 30 �C. Open symbols indicate neat

powders while solid symbols are for powders treated with 2.5 g/L

stearic acid solution in acetone. The arrows indicate the reduction in

apparent viscosity facilitated by the surface coatings
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intermediate deformation rates is then a manifestation of

the shear induced reduction of the degree of aggregation

and concomitant release of occluded fluid [53]. There are

two distinct mechanisms for such agglomerate break-up:

erosion and rupture [54, 55]. In erosion individual particles

are removed from the cluster and dispersed into the fluid.

In the rupture mechanism, the agglomerate breaks down

into fragments of similar size. The critical stress for

effecting erosion tends to be smaller than that required for

rupture. When complete cluster break-up is achieved, the

slurry viscosity coincides with the predictions of Eqs. 2 or

3 with umax defined by the maximum packing density of

the individual particles [50] and this corresponds to a

packed bed scenario. Experimental [47] and theoretical

[56] studies indicate that the maximum three-dimensional

random close packing density of monodisperse spheres

corresponds to umax = 0.64.

Usui [14] argues that the clusters assume a spherical

shape when the number of primary particles in the clusters

becomes large. In addition, it is assumed here that the

clusters are of similar size. It is then possible to estimate a

lower limit for the porosity of the agglomerates present at

low shear rates using either Eq. 2 or 3. The hydrodynamic

volume of the agglomerates depends on their porosity (e),
i.e., how loosely the particles are packed inside the flocs.

For hydrotalcite and hydromagnesite the observed relative

viscosities exceeded 500 at the lowest shear rates investi-

gated. These values are so much higher than unity that for

all practical purposes both equations indicate that the

porosity can be estimated using:

e ¼ 1� u=umax ¼ 1� u=0:64 ð4Þ

This yields values of 0.81 and 0.83 for the uncoated

hydrotalcite and hydromagnesite samples, respectively.

These values are similar to the porosity value obtained for

both samples using the tap density technique, i.e., 0.81. The

implication is that the flocs, present at low shear, have a

packing density similar to remnants of the original dry

agglomerates. This is rather surprising given that the sus-

pensions were prepared by a high shear process. Therefore,

the evidence suggests that, despite being well dispersed

during the preparation step, they have a natural tendency to

revert to an agglomerated floc structure with porosities

similar to those of the solid dry powders. Further proof of

this re-agglomeration tendency is the reversibility of the

viscosity plots for an increase and decrease in the shear

rate. Reducing the shear rate allows the particles to

re-agglomerate to an agglomerated floc structure and

manifests as an increase in viscosity.

The neat stearic acid coated magnesium hydroxide slur-

ries attain a Newtonian viscosity plateau at shear rates

exceeding 100 s-1. It can be assumed that this state corre-

sponds to the state where all the particles are individually

dispersed so that the maximum packing is given by the oil

absorption value, i.e., umax = 0.447. This allows one to

estimate the shape factor k to be estimated using either Eq. 2

or 3. The Krieger–Dougherty equation and Eilers’ model

yield similar values of k = 3.39 and k = 3.86, respectively.

The fact that the stearic acid coated powders yield

slurries with significantly lower viscosities indicates that

the surface treatment makes it easier for agglomerates to

break-up under the influence of shear. This in turn suggests

that the adhesive forces between particles have been

weakened by the stearic acid coating.

Conclusion

The effect of a stearic acid coating on the properties of

hydrated filler-type flame retardants was studied. The flame

retardants comprised fine synthetic powders of magnesium

hydroxide, hydromagnesite, and hydrotalcite. The surface

coating was applied by treating the powders with dilute

solutions of stearic acid in acetone. The presence of the

coating was confirmed by DRIFT and quantified by XPS

and TG. It was found that the coating level approximately

equivalent to monolayer coverage was achieved when the

hydrotalcite and hydromagnesite powders were treated with

20 mL acetone/g filler containing 2.5 g/L stearic acid.

Measured BET surface areas of the hydrotalcite and

hydromagnesite powders decreased by as much as 33%

when coated with stearic acid. SEM showed that the

hydrotalcite and magnesium hydroxide powders comprised

small crystals that are profusely agglomerated. Owing to

their fineness and tendency to agglomerate in high poros-

ity structures, both the hydrotalcite and hydromagnesite

powders are very effective thickening agents for white oil.

The rheology of slurries containing 25 wt% solids (ca.

11 vol.%) was studied as a function of shear rate. The

suspended powders increased the apparent low-viscosity by

several orders of magnitude. This substantial thickening

effect is attributed to a tendency of the particles to aggre-

gate as high-porosity flocs in the oil. A lower limit for the

porosity of the flocs is estimated at 81 vol.% on the

assumption that the flocs are spherical in shape and similar

in size.

The suspensions also showed considerable shear thin-

ning. This is consistent with the idea that the application of

shear causes break-up of the agglomerates and releases the

occluded fluid. The significantly lower viscosities observed

for the stearic acid treated samples indicate that the surface

coating reduces the adhesive forces between the particles.

This makes it easier to break-up the agglomerates and

aids dispersion of individual particles. However, a reduc-

tion in the shear rate allows for the reformation of the

agglomerates.
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