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Abstract
Slurries with up to 75 ms% calcite were investigated with attenuated total reflectance – Fourier transform infrared

spectroscopy (ATR-FTIR). It was found that infrared absorption bands for water and deuterated water in slurries
strongly depend on the solids loading. As the solids loading increases there is a decrease in structured water. Aging of
the slurry reverses the trend and increases the amount of structured water. These measurements indicate that results
obtained in dilute conditions as required by many scientific characterization techniques may not be extrapolated
to high solids loading slurries for calcium carbonate. Furthermore, these results provide the first explanation for
unexplained increases in viscosity of aging slurries at high solids loading.
Keywords: calcium carbonate, slurry, water structure, adsorption, dispersion, sodium polyacrylate, ATR-FTIR, deuterium, oxide, solids,
loading, ground

I. Introduction
Ground calcium carbonate (GCC) is used as filler in

plastics and papers or as a pigment in paints and coat-
ing dispersions. Sodium polyacrylate (NaPAA) is a com-
mon polyelectrolyte dispersant used in preparing high
solids loading GCC slurries but there is limited knowl-
edge about the interactions between the dispersant, par-
ticles, and dispersing medium in high solids loading slur-
ries. GCC and several of its dispersants have been stud-
ied under dilute conditions which include measuring zeta
potential,1-10 adsorption isotherms,1, 3, 8, 11-20 rheological
properties,14, 15, 21-25 and infrared spectroscopy.20, 26-31

Here, we focus on high solids loading slurries and report
unexpected findings of water structure changes.

The objective of this work is to build a scientific foun-
dation for effects that are known in high solid loadings
slurries. These slurries are reported by industry experts as
being less stable with age, i.e. that a dramatic ageing ef-
fect exists that may transform a low viscosity slurry with-
in 4 to 8 weeks into a very high viscosity slurry that limits
the emptying of railway cars. This effect is not available in
low solids loading slurries. After an extensive literature re-
view it is found that there is no good explanation from di-
lute systems. However, very high solids loadings are typi-
cally not reported in the scientific literature. Therefore,
we started to investigate all accessible properties for high
solid loading slurries that could possibly lead to colloidal
instability. Our surprise finding is reported in this article
where we show that calcite slurries have an impact on the
structure of water and deuterated water in the slurries. In-
frared spectra were recorded in aqueous and deuterated
slurries up to 75 ms%. Previous studies of calcite disper-
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sions in dilute conditions did not require consideration of
the role of the water structure since changes in water struc-
ture do not occur in dilute conditions but become apparent
at high solids loading. The change in the properties of the
dispersing medium water means that problems that indus-
try faces on a daily basis have not yet been accounted for
by the sciences. Other groups have reported on changes in
water structure before,32-36 but have not seen such strong
changes as for the here presented calcite slurries. This pa-
per is the first one to address high solids loading calcite
slurries.

II. Experimental

(1) Materials

Ground calcium carbonate (GCC) was provided by
Imerys (Sandersville, Georgia) with a d50= 1 μm measured
with a sedigraph. The sodium polyacrylate (NaPAA) with
molecular weight average Mw=5,967 g/mol (polydisper-
sity 2.04) was provided by Kemira Chemicals, Inc. (Ken-
nesaw, Georgia). Purified water above 16.5 MOhm/cm
was used coming from a Barnstead E-pure laboratory wa-
ter purification system. Deuterium oxide (D2O), 100.0
atom % D, was purchased from Fisher Scientific (Acros
Organics). D2O is used extensively in this research to
reduce infrared (IR) band overlap in critical absorption
regions of the dispersant, the dispersing medium and cal-
cite.

(2) Attenuated Total Reflectance – Fourier Transform
Infrared (ATR-FTIR)

ATR-FTIR measurements were performed using the
Thermo Electron Magna 760 FTIR Microscope with a
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ZnSe crystal and a liquid-nitrogen-cooled MCT/A detec-
tor. ATR-FTIR spectra were recorded from 650 cm-1 to
4000 cm-1 with 128 scans and a resolution of 2 cm-1.

(3) Sample Preparation
NaPAA was dissolved in either H2O or D2O. Amount

of NaPAA in a sample was 1 ms% of the GCC mass. Next,
the GCC was slowly added to the solution while stirring
with a magnetic stir bar. The mass percent of GCC is a per-
cent of the total GCC plus water mass. The aging samples
used for testing were stored in a sealed container during
the aging period without agitation.

(4) Spectra Analysis
Deconvolution of the ATR-FTIR spectra was performed

by the program PeakFit 4.12. The deconvolution proce-
dure used a Gaussian area nonlinear response function
with a Fourier deconvolution algorithm and produced
an r2 value greater than 0.995. Each deconvoluted spec-
trum’s wavenumber, intensity of absorbance, full width at
half maximum (FWHM), and sub-area to total area ratio
were calculated through PeakFit after successful deconvo-
lution.

III. Results and Discussion

(1) Water Structure and Solids Loading
There are three principal OH and OD vibrational modes

of H2O and D2O, νs, νas, and δ.41 The broad transi-
tion range between 3100 cm-1 - 3600 cm-1 for H2O and
2200 cm-1- 2700 cm-1 for D2O represent the hydroxyl
stretching region.40, 43, 44 As demonstrated in fig. 1, the
ATR-FTIR spectrum of a high solids loading GCC slurry
is different from the spectrum for bulk water. The strong
symmetric absorption around 3200 cm-1 generally corre-
sponds to the O-H band with complete tetrahedral coor-
dination (ice-like structure) and the absorption around
3400 cm-1 could be assigned to water molecules with
incomplete tetrahedral coordination (fluid-like struc-
ture).38, 39 The assignments of hydroxyl group vibrations
in the stretching region from literature have been sum-
marized into Table 1. Changes in the spectral features of
water are apparent when water is present in a slurry. These
changes are demonstrated by comparing the deconvolut-
ed IR bands shown in the first and second row of Table 2.
Comparing H2O to H2O in a slurry, the water ν2 band
decreases its full width at half maximum (FWHM) and
the shoulder at 3178 cm-1 shifts to a higher frequency at
3231 cm-11 with an 8 % decrease of its intensity of ab-
sorbance. Along with the previous changes the ν3 band
is not present in the slurry. Also, the ν5 band assigned to
the free OH vibrations increases the intensity by 16 %.
These changes may represent the decreasing strength of
hydrogen-bonding and the water structure changes.40, 50

A difference in the IR spectra of D2O and D2O in 75 ms%
slurries, fig. 2, resembles the difference seen for H2O. The
IR band of D2O in slurries decreases its FWHM along
with the 2379 cm-1 shoulder shifting to 2410 cm-1 and the
2492 cm-1 shoulder increasing intensity and shifting to
2502 cm-1. Nickolov et al. refer to the lower wavenumber
shoulder as ice-like with hydrogen bond coordinations

of four and the higher wavenumber shoulder as fluid-like
with hydrogen bond coordinations of less than four.34

The ice-like structure of both H2O and D2O in a slur-
ry decreases along with an increase in the fluid-like struc-
ture. When water/GCC and water/NaPAA mixtures were
measured with ATR-FTIR the spectra do not show any
change in the water structure indicating that all three com-
ponents of the slurry are required for a change in the water
structure.

Fig. 1. Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectra of the OH stretching band. The change of
water structure in a high solids loading slurry (no aging) is shown
with a decrease in the full width at half maximum (FWHM) and the
shoulder at 3183 cm-1 shifting to a higher frequency at 3241 cm-1.

Fig. 2. ATR-FTIR spectra of the OD stretching band. The change
of water structure in a high solids loading slurry (no aging) is giv-
en by a decrease in the FWHM, the 2379 cm-1 shoulder shifting to
2410 cm-1, and the 2492 cm-1 shoulder increasing intensity and shift-
ing to 2502 cm-1.

Since it has been concluded that there is a change in the
water structure of a 75 ms% slurry compared to bulk wa-
ter, further investigation was needed to determine if this
phenomenon also occurs at lower solids loading. Slurries
were prepared containing 10 ms% GCC up to 75 ms%
GCC and their IR spectra were compared to a D2O/
GCC mixture without NaPAA. In fig. 3 the intensity of
the 10 ms% slurry compared to the D2O/GCC mixture is
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less in the shoulder at 2390 cm-1 and greater in the shoulder
at 2484 cm-1. Fig. 4 is a graphical representation of the de-
convoluted IR spectrum data in Table 2 given for 10 ms%
slurry. Since the D2O/GCC mixture has a higher intensity
ν2 band at 2373 cm-1 compared to its ν4 band at 2551 cm-1

we can imply that there is a higher concentration of wa-
ter in complete tetrahedral networks of hydrogen bonds
compared to incomplete networks, which is opposite of
a D2O slurry. Also in fig. 3, increasing the solids loading
above 40 ms% increases the 2484 cm-1 band intensity (flu-
id-like structure) and decreases the 2390 cm-1 band inten-
sity (solid-like structure). This change is also apparent in

Table 2 with the increase of solids loading from 40 ms% up
to 75 ms%, the ν4 band shifts to lower wavenumbers, and
increases (5 %) with an accompanying decrease in intensi-
ty of the ν2 band (21 % decrease) and the ν3 band (decrease
to zero). An increase in intensity at higher wavenumbers
(fluid-like structure) indicates a decrease in the number
of complete tetrahedral hydrogen bonding species (ice-
like structure). The reverse trends are displayed by the ef-
fect of aging with the concentration of ice-like structures
increasing and the concentration of fluid-like structures
decreasing with a trend toward bulk water.

Table 1: Major infrared spectrum features of OH and OD vibrations in stretching region.

Solvent Centered Band (cm-1) Assignment Ref.

H2O ∼3200 complete tetrahedral coordination (ice-like structure) 34, 36, 48

3300-3500 inter and intramolecularly uncoupled O-H stretching 45, 46

∼3400 incomplete
tetrahedral coordination or less than 4 coordinated

34, 36, 47, 48, 49

∼3600 non-hydrogen-bonding (free OH vibrations) 36, 48, 49

D2O ∼2400 Ice-like structure 36, 42

∼2500 Fluid-like structure 42, 48

∼2650-2750 symmetric and asymmetric of free OD vibrations 42, 48

Table 2: The deconvolution of the OH and OD FTIR spectra into vibrational assignments for several systems.

Wavenumber/Intensity of Absorbance/FWHM/Area %

System ν1 ν2 ν3 ν4 ν5

H2O 3019/0.19/175.3/7.3 3178/0.90/164.5/32.0 3308/0.48/142.9/14.8 3447/0.92/199.6/39.4 3611/0.22/134.8/6.5

H2O slurry 3091/0.22/183.4/10.8 3231/0.82/156.6/33.2 3387/0.79/179.6/37.6 3540/0.38/187.2/18.4

D2O 2270/0.20/132.1/8.0 2370/0.79/113/26.7 2460/0.61/112.8/20.5 2551/0.79/129/30.5 2646/0.42/115/14.3

D2O slurry 2297/0.24/110.1/8.9 2389/0.62/105.4/22.3 2502/0.93/151/48.0 2630/0.46/130.6/20.8

D2O&GCC 2257/0.17/102.3/5.4 2373/0.81/116.4/29.6 2464/0.55/113.3/19.5 2551/0.76/133.7/32.1 2646/0.36/119.6/13.4

10 ms% slurry 2275/0.19/106.6/6.8 2375/0.8/98.9/26.1 2453/0.51/94.3/15.9 2534/0.82/131.4/44.8 2642/0.4/119/15.7

20 ms% slurry 2269/0.17/113.3/6.3 2375/0.8/105.4/27.9 2456/0.42/91.2/12.7 2534/0.84/140/38.6 2648/0.37/118.0/6.8

30 ms% slurry 2272/0.18/118.0/6.8 2379/0.81/113.3/30.1 2459/0.37/89.7/10.7 2534/0.85/135.9/37.8 2646/0.39/116.4/14.7

40 ms% slurry 2287/0.19/130.6/8.0 2384/0.84/116.4/31.0 2470/0.48/89.7/13.4 2549/0.84/132.1/34.8 2653/0.39/107.0/13.1

50 ms% slurry 2285/0.19/123.9/7.9 2381/0.8/105.9/27.9 2457/0.38/80.5/10.0 2528/0.84/131.3/36.5 2637/0.45/119.7/17.7

60 ms% slurry 2274/0.16/114.8/5.9 2380/0.69/122.7/28.5 2509/0.90/160.5/48.5 2634/0.40/125.8/17.0

70 ms% slurry 2285/0.16/116.3/6.6 2384/0.66/116.3/26.9 2503/0.92/144.0/46.3 2628/0.48/120.7/20.2

75 ms% slurry 2258/0.12/99.3/4.3 2380/0.63/126.0/28.2 2506/0.89/157.8/50.3 2637/0.39/122.8/17.3

Aging 1hr 2291/0.16/113.3/6.6 2394/0.60/127.1/28.6 2515/0.89/152.5/49.0 2640/0.39/119.1/16.8

Aging 25hr 2272/0.16/102.3/5.6 2382/0.68/113.3/26.2 2452/0.35/105.4/12.6 2529/0.82/138.4/38.9 2639/0.41/118.9/16.7

Aging 51hr 2276/0.18/116.3/6.8 2383/0.79/113.3/29.1 2467/0.42/108.5/14.6 2543/0.78/141.6/35.5 2646/0.37/116.3/14.0



10 Journal of Ceramic Science and Technology —Taylor et. al. Vol. 1, ISS 1

Fig. 3. ATR-FTIR spectra of the OD stretching band. The IR spectra
demonstrate that the water structure is dependent on the solids load-
ing of the slurry (no aging). As the solids loading increases there is an
increase in the fluid-like structure (∼2500 cm-1) and a decrease in the
ice-like structure (∼2350 cm-1) concentrations.

Fig. 4. The deconvolution of the OD stretching infrared absorption
spectrum of a 10 ms% slurry in D2O.

The increase of solids loading might be characterized by
the absence of crystalline H-bonding arrangement (ice-
like structure) and the shrinkage of the band width might
indicate the decrease of the many different H-bonded en-
vironments.41, 42 This change in the ratio of fluid to struc-
tured water concentration with increasing solids load-
ing is demonstrated in fig. 5. Two regions are indicat-
ed on fig. 5 with the first region ranging from 10 ms%
to about 40 ms% (little change in water structure) and
the second region which includes concentrations above
40 ms% (indicated with a positive slope which is an in-
crease in the fluid-like water). Fig. 6 is a graphical repre-
sentation of the deconvoluted FTIR spectra of increas-
ing solids loading from 40 ms% to 60 ms%. The ν4
band, fluid-like structure, in the shoulder at 2549 cm-1

shifts to 2509 cm-1 with a 6% intensity increase. Al-
so, with the previous increase there is an observed de-
crease in the ν2 band, ice-like structure, intensity of
15% along with the removal of the ν3 band. The rea-
son for these two regions is not fully understood but

could be due to a change in the interaction of the water
with the calcium carbonate surface or its adsorbed surface
species.

Fig. 5. Solids loading of GCC (no aging) compared to the deconvo-
luted band ratio ν4/ν2 (fluid to structured water ratio). The graph
indicates two regions of water structure. The first region includes
10 ms% up to about 40 ms%. The second region includes concentra-
tions above 40 ms% with a positive slope which indicate an increase
in the fluid-like water.

Fig. 6. The deconvolution of the OD stretching infrared absorption
spectrum of a (a) 40 ms% (b) 50 ms% (c) 60 ms% slurry. The ν3 band
at∼2470 cm-1 in40 ms%decreasesgradually tozerowiththe increase
of solids loading.

(2) Effect of Aging on Water Structure
The properties of the high solids loading slurries change

within the first few days of preparing slurries including
their viscosity and pH. To determine whether the water
structureisasignificantpart intheagingofhighsolidsload-
ing slurries, samples were prepared and aged followed by
measurementsandanalysiswithATR-FTIRspectroscopy.

Seventy-five ms% slurries were prepared and analyzed
on the ATR-FTIR immediately after slurry preparation,
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after 25 hrs, and 51 hrs. The results given in fig. 7 indi-
cate that the fluid-like water concentration decreases
with increasing age of the high solids loading slurries.

Fig. 7. ATR-FTIR spectra of the OD stretching band. The green line
is a freshly prepared 75 ms% GCC slurry. As the age of the slurry
increases there is a decrease in the fluid-like structure (∼2500 cm-1)
and an increase in ice-like structure (∼2350 cm-1).

This is seen with a decrease in intensity of the shoulder
at 2484 cm-1 (fluid-like structure) whereas the shoulder
at 2390 cm-1 (ice-like structure) increases its intensity. As
can be seen in the last three rows of Table 2, the ν2 band in-
tensity, ice-like structure, increases 19 %, and the ν4 band,
fluid-like structure, decreases 11 %. As the slurry ages it
appears to move towards the bulk water structure (black
line in fig. 7). The similarities of an aged D2O to bulk D2O
arealsoseen in fig. 8with thedeconvolutedODspectraofa
75 ms% slurry after aging 51 hrs compared to bulk D2O. It
is possible that the O-H vibration of the aged slurry shifts
back to the higher frequency indicating a change of the
H-bonding strength of the water which is also an indica-
tion of the changing slurry physics.43 It is not clear what
guides this process. It appears that water must desorb from
certain species to form complete tetrahedral coordination
(ice-like structure). This may be possible by rearrange-
ment of ions and polyacrylate dispersants.37 However, we
could not recreate such a condition just using calcium ions
and polyacrylate in the proper concentrations. We only see
this process taking place in aging slurries with 50 ms% or
higher. Furthermore, the aging processes can be reversed
quickly. Strongly shearing the slurries almost immediately
restores their unaged viscosity as well as returns the ATR-
FTIR absorption band intensities close to their fresh slurry
status. This indicates that a chemical change is less likely to
be the cause of this process.

IV. Conclusions
ATR-FTIR spectroscopy provided evidence that wa-

ter and deuterium oxide in ground calcium carbonate
(GCC) slurries is different from bulk water. The deuteri-
um oxide structure was demonstrated to be dependent
on the solids loading of the slurry. Initial addition of all
three components; deuterium oxide, sodium polyacry-

Fig. 8. The deconvolution of the OD stretching infrared absorption
spectrum of (a) a 75 ms% slurry in D2O after aging 51 hrs (b) bulk
D2O. The water structure of an aged slurry is similar to bulk D2O.

late (NaPAA), and GCC, increases the intensity ratio of
the 2484 cm-1 band (fluid-like structure) to the 2390 cm-1

band (ice-like structure) compared to bulk deuterium ox-
ide. Increasing solids from 10 ms% up to 40 ms% does not
significantly change the water structure but as the solids
loading increases above 40 ms% up to 75 ms% the wa-
ter structure becomes more fluid-like indicated by an in-
crease in the ratio of fluid to ice-like water concentration
for higher solids content. Further investigation of GCC
slurries were performed at 75 ms% solids loading with ag-
ing. Comparison of the IR spectra demonstrates that the
water structure becomes more ice-like with increasing age
of the slurries. This work concludes that the solids loading
directly impacts the dispersing medium for GCC slurries.
This finding demonstrates that the interactions in slurries
and colloidal systems at high solids loading are different
from dilute conditions and may include many other sys-
tems.
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