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a b s t r a c t

The attachment of the sodium salt of carboxymethyl cellulose (CMC) onto iron oxide and various silicate
substrates in aqueous solution as a function of salt concentration and pH was studied by atomic force
microscopy–based force spectroscopy (AFM) and quartz-crystal microbalance with dissipation monitor-
ing (QCM-D). Both ionic strength and cation valency were found to influence substrate binding. Notably,
QCM-D experiments strongly suggested that the solubility of CMC is directly impacted by the presence of
CaCl2. Such data are critical for the design of new molecules for stabilizing mineral floc dispersions and
for assessing the mobility of CMC-coated particles in the subsurface. Modeling of AFM data with an
extended Ohshima theory showed that van der Waals and steric forces played a major role in the inter-
actions between CMC and mineral substrates, and that hydration forces were also important.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction To achieve this goal, it is crucial to probe CMC attachment onto
The sodium salt of carboxymethyl cellulose (CMC) is a polymer
derived from cellulose, yet, unlike cellulose, CMC is soluble in
water and chemically reactive (Fig. 1). CMC is neutral at low pH
values but hydrolyzes at high pH values. Specifically, at high pH,
CMC loses its positive Na+ counter-ion, acquiring a negative charge.
The extent of CMC dissociation is both pH and ionic-strength
dependent [1]. Like many other carbohydrates such as starch,
guar-gum and dextrin, CMC finds application in a diverse number
of industries. It is used to retain water and stabilize dispersions and
as a thickener in the cosmetic and food industry [2,3]. In the min-
eral industry, CMC can be used to both inhibit mineral flotation
and stabilize mineral suspensions [4–6]. In order to evaluate the
usefulness of CMC either as inhibitor or stabilizer it is important
to gain a basic understanding of CMC adsorption onto substrates
such as alumina [7], pyrite [8], chalcopyrite [9], molybdenite
[10], and talc [9,11–14]. CMC has been used to stabilize titanium
nano-particles and zerovalent iron nano-particles, both of which
are employed for remediation purposes [15–22]. When particles
are employed for remediation purposes, it is important to under-
stand how CMC coatings can affect their mobility in the subsurface.
ll rights reserved.
minerals present in the soil.
In order to clearly understand how CMC functions as either a

stabilizer or inhibitor of mineral dispersions and how CMC coat-
ings can affect particle mobility in the subsurface, it is important
to elucidate the nature of association of CMC with the mineral sur-
face and how this association impacts subsequent interactions. The
forces between polymers, such as CMC, and mineral surfaces arise
as a consequence of a diversity of interactions, including van der
Waals, hydration, electrostatic and steric forces, as well as hydro-
gen bonding and acid–base interactions. Repulsive steric forces in
particular, arise due to compression of the polymer chains [23],
and would be clearly dependent on the conformation of the poly-
mer at the mineral surface. We therefore believe that repulsion be-
tween polymer-modified substrates is facilitated by polymers that
adsorb and adopt an extended conformation protruding perpendic-
ularly from the surface, potentially akin to a brush motif. Since
polymer conformation is solvent-dependent, in the case of aqueous
solutions, water chemistry (pH, ionic strength) would clearly influ-
ence steric forces. This is particularly true for charged polymers
that extend away from the surface onto which they are grafted
or physisorbed to minimize contact with each other [24].

Neutral in acidic environments, CMC is hydrolyzed under basic
conditions, acquiring a negative charge. It is therefore expected
that, at high pH, CMC adopts an extended conformation due to
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Table 1
Zeta potential of pumice stone particles in different water chemistries.

Solution pH Average zeta
potential (mV)

Standard
deviation (mV)

Milli-Q 5.5 �22.4 5.4
Milli-Q 4 �16.6 5.0
Milli-Q 8 �27.2 5.9
NaCl, 100 mM 5.5 �25.5 0
CaCl2, 100 mM 5.5 �0.5 0

Fig. 1. Structure of the sodium salt of carboxy-methyl cellulose employed in this
study.
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electrostatic repulsion between the polymer chains. At low pH,
CMC is instead more likely to be coiled or collapsed, since the poly-
mer chains are neutral and interchain repulsion decreases. This is
consistent with the observation of enhanced swelling of CMC
hydrogels under neutral and basic pH conditions [25]. Salts can
have an effect similar to low pH values on the polymer conforma-
tion due to their ability to participate in electrostatic charge
screening [9], which reduces interchain repulsion and favors a
coiled conformation [26]. In the case of CMC, both mono- and diva-
lent cations are known to readily associate with the polymer [27–
29]. However, divalent salts were found to have a more significant
effect than monovalent salts. In particular, it has been reported
that the viscosity of CMC solutions decreased significantly in the
presence of Ca2+ compared with Na+ at the same ionic strength
[30]. This was attributed to more effective screening by the diva-
lent calcium ion and contraction of CMC chains upon chelation.
This effect was reinforced by the observation that the sodium salt
of CMC is soluble while its calcium counterpart is insoluble [31].
Based on these data, we believe that aggregation of the CMC occurs
in the presence of Ca2+, possibly due to adoption of a coiled confor-
mation for CMC, which promotes flocculation.

Electrostatic forces between polymers such as CMC and mineral
surfaces can be affected by the presence of other salts in solution.
For example, charge neutralization or reversal in the presence of
calcium was hypothesized to promote CMC sorption onto talc
[13]. Alternatively, positively charged ions may bind at the nega-
tively charged mineral surfaces, acting as positively charged sites
to promote attractive interactions with CMC molecules (bridging
effect).

The importance of hydrogen bonding between CMC and mineral
surfaces was previously recognized by some authors [3,8], while
other researchers propose acid–base interactions as the main sorp-
tion mechanism [4]. According to these authors, the characteristics
of cations at the mineral surface (valence, radius, and coordination
numbers) can affect acid–base interactions by influencing the basic
properties of the mineral surfaces. In particular, they report that
sorption of certain polymers (such as starch) onto calcium-bearing
minerals is particularly favorable. It is noted that both hydrogen
bonding and acid–base interactions act at separation distances
shorter than electrostatic and van der Waals forces.

To date, the adsorption of CMC onto mineral surfaces has been
studied by flotation tests [5,14], atomic force microscopy imaging
[3,9], infra-red spectroscopy [3,13], and ToF-SIMS [12,14]. Also,
QCM-D studies have been conducted to probe CMC sorption onto
cellulose surfaces [32,33], but not onto the materials utilized in
the present study. To the best of our knowledge, AFM-based force
spectroscopy has only been used to measure the mechanical prop-
erties of individual CMC polymers [34]. In the present study, AFM-
based force spectroscopy was used to probe the forces of interac-
tion between CMC and several mineral surfaces as a function of
water chemistry. The minerals employed in AFM experiments in-
clude iron oxide particles and silicate particles (silica, borosilicate,
and pumice stone). The silicate particles employed differed in min-
eral composition and surface roughness, which can affect surface
forces. This study allowed assessing if different silicates interact
with CMC in a similar manner, or if dissimilarities in surface rough-
ness and mineral composition can have a major impact on the
forces of interaction.

Parallel measurements using quartz-crystal microbalance with
dissipation monitoring (QCM-D) were performed to assess the
reversibility of CMC adsorption onto these surfaces. QCM-D exper-
iments were conducted using magnetite, silica, and aluminum–sil-
icate substrates. Modeling with extended DLVO theory combined
with a modified Ohshima’s theory [35,36] was conducted to assess
the importance of van der Waals and steric forces. Our results will
allow theoretical predictions of CMC polymer sorption onto min-
eral surfaces and may be useful in interpreting experimental stud-
ies, for example column adsorption studies, wherein interaction
forces cannot be directly measured.

2. Materials and methods

2.1. Atomic force microscopy–based force spectroscopy studies

2.1.1. CMC-coated mica used for AFM studies
CMC polymer coatings were obtained by pipetting 0.1 mL of

CMC solution (35 g/L) onto freshly cleaved mica disks. The excess
polymer was gently blown off the disks with nitrogen gas, and
the polymer solution was allowed to dry. The treatment was re-
peated at least two times to ensure complete coverage of the mica
surface.

2.1.2. Iron oxide particles
Carbonyl iron particles (CIP, Alfa Aesar, product number 10214)

were high purity micron-sized iron particles. The CIP were affixed
onto AFM cantilevers as described in Section 2.1.4 and aged in pure
water (milli-Q water) at room temperature (23 �C) overnight. After
aging, the outer core of the particles was a mix of iron oxides and
hydroxides, as determined by XPS and EDS analyses. The point of
zero charge for aged CIP, �9, was determined by potentiometric
titration in milli-Q water and in 0.1 M NaNO3 salt solution. This va-
lue is within the range previously reported for iron oxides [37,38]
and nano-iron slurries [39].

2.1.3. Pumice stone particles
Natural pumice stone was crushed using a mortar and pestle to

yield particles with a porous surface and irregular structure rang-
ing in diameter from about 1–2.5 lm as determined by scanning
electron microscopy (JEOL JSM6610-Lv). The mineral composition
of the pumice stone was determined using powder X-ray diffrac-
tion (XRD), using a Philips XRD system equipped with a PW 1830
HT generator, a PW 1050 goniometer and PW3710 control elec-
tronics. Pumice stone was mainly quartz (SiO2), with minor
amounts of tobermorite (Ca4Si6). The particles were negatively
charged up to a pH of 2.7, as determined through potentiometric
titration conducted in Milli-Q water (titrations were not conducted
at lower pH values). This result is consistent with the fact that the
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particles were mainly silica, the PZC of which is at acidic pH (�2, cf.
2.2.2). The zeta potential of the particles was also measured in all
solutions used in experiments conducted using pumice stone par-
ticles (Table 1). The zeta potential was lowest in milli-Q water at
pH 8 (�27.2 ± 5.9) and highest in 100 mM CaCl2 solutions
(�0.5 ± 0.0), likely due to sorption of Ca2+ cations at the pumice
surface.

2.1.4. AFM cantilever characteristics and functionalization
Tipless silicon nitride AFM cantilevers were purchased from

Bruker (model NP-O10). Their average spring constant (kc) of
�0.096 nN/nm was determined by the end-massing method [40].
Pumice stone particles and CIP were individually affixed onto these
cantilevers using an optical microscope equipped with a microma-
nipulator. Cantilevers functionalized with silica and 5 lm diameter
borosilicate glass particles were purchased from Novascan Tech-
nologies Inc. The silica and borosilicate particles were quite
smooth, as observed using scanning electron microscopy. The aver-
age spring constants of these cantilevers were 0.095 nN/nm and
0.081 nN/nm for the borosilicate and the silica functionalized can-
tilevers, respectively, determined with the end-massing method.

2.1.5. Aqueous solutions
Water used in this study was treated with a Millipore system

(milli-Q water) and had a resistivity of 18.2 mX cm. Experiments
were conducted in various solutions (pH 5.5, 100 mM NaCl; pH
5.5 100 mM CaCl2; pH 8, milli-Q water buffered with NaHCO3;
pH 4, milli-Q water buffered with acetate buffer).

2.1.6. AFM methods and data analysis
All AFM force spectroscopy data were acquired at a scan rate of

1 Hz with a maximum applied load of �14 nN using a Nanoscope
Multimode AFM (Bruker Nano-Surfaces) equipped with a Nano-
scope IIIA controller, a glass fluid cell, and a J-scanner running ver-
sion 5.30a of the Nanoscope software. In a force spectroscopy
experiment, from the vertical deflection of the AFM cantilever, it
is possible to deduce information about the forces of interaction
prior to contact (approach curves) and the adhesive force, i.e., the
pull-off force required to detach the particle from the substrate
after contact has occurred (retract curves). The conversion from
cantilever deflection (d) to force (F) can be done using Hooke’s
law [41], given by F = �kc�d, where kc is the spring constant of
the cantilever. It is noted that in AFM measurements, there is hys-
teresis between approach and retract curves and adhesive forces
are stronger than approach forces [41]. When the interacting sur-
faces are polymer coated, different rupture events are recorded
as the cantilever is separated from the substrate. Each of these
detachment events appears as local minimum in the retract curve,
which has a typical saw-tooth shape. The detachment of the last
polymer strand from the mineral particle corresponds to the min-
imum of the curve measured at the separation distance beyond
which the retract curve plateaus, indicating complete detachment
between the two (Fig. 2a). This minimum was taken as the adhe-
sive force between CMC and mineral particles.

To obtain force vs. distance plots, the raw AFM curves must be
registered relative to the point of contact and interpreted to con-
vert the AFM cantilever deflection into a force. When jump to con-
tact occurred, the approach force curves were registered relative to
that point. If no local minimum could be located in the approach
curve, an imaginary point of contact was defined as the intersec-
tion between the lines obtained by fitting the hard-contact portion
of the curve and the horizontal line reflecting the off-surface, unde-
flected tip position (Fig. 2b). The point of contact was denoted as
x = 0. All approach force data reported in the following discussion
refer to the forces measured at the point of contact. All forces were
normalized with respect to the particle radius by dividing each
point by the particle’s radius.

Before each measurement, the cell was rinsed off with the solu-
tion of interest to ensure that any CMC loosely attached onto mica
was expelled from the cell. In this study, the mineral particles were
contacted with CMC polymer coated substrates, and CMC transfer
from the substrate to the particles during the measurements can-
not be discounted. However, the transfer is expected to be minimal
and in any case not sufficient to significantly affect the measure-
ments. It is noted that over 100 approach and retract curves were
collected for each water chemistry and the magnitude of the forces
measured during subsequent approach–retract cycles was similar.
Moreover, we conducted control experiments using bare mica
disks. It was verified that significant differences existed between
the force curves measured with CMC-coated mica and those mea-
sured with bare mica.

2.1.7. Modified Ohshima’s model
Ohshima’s model describes the interactions between surfaces in

terms of van der Waals (FVdW), electrostatic forces (Felectro), and
Born forces (FBorn). The expressions for such forces between a
sphere and a planar surface are as follows:

Felectro ¼ 128RcspherecplanenkBTj�1 expð�jdÞ ð1Þ

FBorn ¼ �
Ar6
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where A is the Hamaker constant, R is the radius of the particle, d is
the distance between the sphere and the plane, k is the characteris-
tic wavelength of the retardation, n is the number concentration of
ions in the bulk, kB is Boltzmann’s constant, T is the absolute tem-
perature, r is the collision diameter and ci ¼ tanhð ewi

4kBTÞ, where wi

is the surface potential, e is the charge of an electron, i indicates
either the sphere or the plane, C1, C2, D1, and D2 are empirical coef-
ficients and j�1 is the Debye length. The Debye length may be com-
puted as j�1 ¼ 0:304=

ffiffi
I
p

in monovalent salt solutions and
j�1 ¼ 0:176=

ffiffi
I
p

in divalent salt solutions, where I is the ionic
strength of the solution [23].

Ohshima’s theory models the surface potential of a particle
comprised of a hard core coated with a charged polymer layer with
the following equation [36]:

wðdÞ ¼ wdonnan þ ðw0 þ wdonnanÞekmx þ 2kBT
ve

� ln
1þ tanh ve1

4kBT
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2
4
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where wdonnan is the Donnan potential, d is the particle separation
distance, L0 is the thickness of the polymer layer, 1 is the zeta poten-
tial of the bare core of the composite particle, and �L0 6 x 6 0 is a
local coordinate which spans the thickness of the polymer layer at
the hard particle surface.

The original formulation of Ohshima’s theory does not account
for hydration and steric forces, which are expected to be of impor-
tance in this study. Hydration forces should be taken into consider-
ation whenever the hydrophilic nature of the interacting surfaces
causes them to be hydrated. Iron oxides [42–47], silica [48,49],
and borosilicate [50,51] are reported to be hydrophilic. The pumice
stone employed in our study is also likely hydrated as it is mainly
quartz, which is hydrophilic [52,53]. The sodium salt of CMC is also
soluble in water and hydrophilic. Hydration forces are repulsive



Fig. 2a. Schematics of how the repulsive approach curves are registered when no jump to contact is observed

Fig. 2b. Schematics of different rupture events during mineral particle pull-off from the CMC coated substrate.
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and arise due to changes in the water structure at the solid–liquid
interface [48], polarization of water molecules [54], adsorption of
ions at the solid–liquid interface, variations in the dielectric con-
stant of the liquid, and formation of hydrogen bonds between
the water molecules and the surface [55]. Steric forces result from
the osmotic pressure arising when polymer chains are compressed
upon approach to another surface. In the case of two surfaces
coated by a polymer layer of thickness m, steric forces are described
by the following expression [56]:

Fsteric � kBTC3=2 2L0

d

� �9=4

� d
2L0

� �3=4
" #

ð5Þ

where C is the grafting density of the polymers. This expression is
valid only for L0

d < 1, as steric forces are zero when the polymer
strands are not compressed, i.e., when d P L0. Since, in our study,
only the substrates were polymer coated while the particles
employed were not, Eq. (2) was modified by substituting L0 for
2L0. The optimal parameters for the modified Ohshima’s model
were found by minimizing the sum of the squared differences be-
tween the estimated and the predicted values using the Solver tool
in Microsoft Excel.
2.2. QCM-D studies

2.2.1. Quartz-crystal microbalance with dissipation monitoring (QCM-
D) system

Adsorption of the CMC polymer onto synthetic aluminum–sili-
cate and silica substrates was studied with a QCM-D system (Q-
Sense, Biolin Scientific, Sweden). This system is equipped with a
flow cell, the bottom of which comprised a quartz sensor coated
with the material of interest. The sensor is intermittently oscillated
by two electrodes at different frequencies, corresponding to the
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resonant frequency and overtones. Changes in the resonant fre-
quency and overtones reflect film formation on the sensor surface,
while changes in the dissipation parameter are related to the stiff-
ness of the deposited films. These parameters are coupled to the
overtones and the resonant frequency and are given by the follow-
ing expression:

DiðtÞ ¼
1

p � fdiff ;isi
ð6Þ

where t is the time, i denotes the overtone considered, Di(t) is the
dissipation parameter for each overtone, fdiff,i = fi � fo,i, fi is the cur-
rent frequency of the overtone, si is the time decay constant, and
fo,i is the frequency of the overtone measured during calibration
[32,57–60].

2.2.2. Mineral substrates used for QCM-D
Substrates sputter-coated with aluminum–silicates (QSX 999),

silica (QSX 303), and magnetite (QSX 326) were purchased from
Q-Sense. The atomic percent of the elements constituting the alu-
minum–silicate (AlSi) surface and magnetite were the following:
AlSi: Si: 22.6%, Al: 11.4%, O: 65.2%, Ar: 0.8%; magnetite: Fe:
41.6%, O: 58.4%. As they were not in powder form, we could not
determine the point of zero charge (PZC) for the materials coating
the sensors.

Some authors have reported that magnetite’s PZC may range
between 6 and 7 [61,62], yet this value may be in question
[63,64]. The PZC for aluminum–silicates depends on how the
atoms are coordinated as well as composition. In particular, the
higher the silicon content, the lower the PZC. In general, the PZC
for aluminum–silicates is reported to be at acidic pH values
(pH = 4 [65] or lower [66–68]) with the PZC for silica is reported
to be at �pH 2 [49,69–72].

2.2.3. Aqueous solutions
The chemistry of the polymer-free reference solutions is given

in Table 2. Buffering to a pH of 4 or 8 was obtained by using
NaHCO3 or acetate, respectively. Solutions containing polymer
were obtained by adding polymer to the originally polymer-free
solutions, at a concentration of 0.25 g/L. CMC (MW: 90,000 g/mol,
degree of substitution 0.7) was obtained from Sigma–Aldrich
(product # 419273).

2.2.4. QCM-D methodology
The QCM-D experiments involved the five following steps. First,

a stable baseline was acquired in Milli-Q water. Second, a polymer-
free reference solution was injected in the flow cell. Third, a CMC
containing solution was injected in the flow cell. Fourth, the flow
cell was flushed with a polymer-free reference solution. Rinse-off
with Milli-Q water followed.

3. Results and discussion

3.1. Forces of interaction between CMC and particles

Examples of AFM force curves acquired in the different water
chemistries can be found in Figs. 3 and 4. AFM results for Milli-Q
water at pH of 4, 5.5, and 8 revealed the presence of repulsive
Table 2
Chemistry of the polymer-free reference solutions employed in QCM-D experiments.

Solution Concentration pH

NaCl 1, 10 and 100 4, 5.5 and 8
CaCl2 1, 10 and 100 4, 5.5 and 8
milli-Q N.A. 4, 5.5 and 8
forces upon approach for all mineral particles and CMC except
for CMC and iron oxide in Milli-Q water buffered to a pH of 4.0 (Ta-
ble 3). Decreasing the Milli-Q pH from 5.5 to 4 decreased the aver-
age repulsion upon approach with silica, borosilicate, and pumice
(Table 3). In the presence of divalent cations (100 mM CaCl2, pH
5.5), attractive interactions were observed between all mineral
types and CMC (Table 3). In the presence of monovalent cations
(100 mM NaCl at pH 5.5), there was no evidence of any attractive
interactions upon approach, indicating that CMC association is va-
lence-dependent (Table 3). These data reveal that the forces upon
approach were more significantly affected by the water chemistry
and the mineral composition of the particles than by their surface
roughness.

Adhesive forces were detected for all mineral particles in Milli-
Q water at pH 4 and 5.5 and in 100 mM CaCl2 at pH 5.5. In 100 mM
NaCl, adhesive forces were significant for all particles except silica.
When the pH of Milli-Q water was increased to 8 with addition of
NaHCO3, adhesive forces was negligible for all particles except
borosilicate. Similar to the forces upon approach, adhesive forces
were more significantly affected by the water chemistry and by
the mineral composition of the particles than by their surface
roughness.

In light of the reported PZC values for the various minerals, we
examined the effect of solution chemistry on net forces of interac-
tion as this allows for a direct interpretation of the relative influ-
ences of electrostatic, steric, and hydration forces on CMC-
mineral surface association. The relative importance of these forces
was analyzed using an extended Ohshima’s theory (cf. Section 4)
and shown in Figs. 5 and in Supporting Information (Figs. S1–S3).
The analysis conducted demonstrated that van der Waals and
steric forces played the most important role in the interactions



Table 3
95% Confidence intervals for the normalized forces of interaction between CMC and mineral particles.

Solution pH Particle Adhesive force (nN/lm) Approach force, x = 0 (b) (nN/lm)

milli-Q 5.5 Iron oxide �0.14 ± 0.09 (a) 0.21 ± 0.06
Silica �0.07 ± 0.04 (a) 0.22 ± 0.05
Borosilicate �0.03 ± 0.01 (a) 0.17 ± 0.05
Pumice �0.13 ± 0.09 (a) 0.20 ± 0.13

Milli-Q buffered with acetate 4 Iron oxide �0.28 ± 0.17 �0.04 ± 0.02
Silica �0.05 ± 0.03 (a) 0.10 ± 0.06
Borosilicate �0.05 ± 0.02 0.08 ± 0.04
Pumice �0.23 ± 0.1 (a) 0.06 ± 0.09

Milli-Q buffered with NaHCO3 8 Iron oxide Negligible 0.29 ± 0.06
Silica Negligible 0.12 ± 0.02
Borosilicate �0.04 ± 0.01 (a) 0.15 ± 0.03
Pumice Negligible 0.25 ± 0.08

100 mM NaCl 5.5 Iron Oxide �0.18 ± 0.06 (a) 0.00 ± 0.02
Silica Negligible 0.02 ± 0.01
Borosilicate �0.07 ± 0.03 (a) 0.08 ± 0.03
Pumice �0.13 ± 0.05 (a) 0.08 ± 0.04

100 mM CaCl2 5.5 Iron oxide �0.26 ± 0.16 �0.13 ± 0.04
Silica �0.15 ± 0.06 �0.02 ± 0.01
Borosilicate �0.07 ± 0.02 (a) �0.04 ± 0.05
Pumice �0.12 ± 0.04 �0.03 ± 0.01

a Negligible in some cases.
b Force measured at the point of contact between the particles and the substrate, negative values represent attraction, and positive values represent repulsion.
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between particles and substrates, and that hydration forces were
also significant. In Milli-Q water at pH 5.5 and 8, upon approach,
repulsive forces dominate over attractive interactions between
CMC and all minerals used. Reducing pH to 4 would reduce steric
repulsion due to changes in CMC conformation. Electrostatic repul-
sion between CMC and silica, borosilicate and pumice should also
be weakest at pH 4, as at pH 4, the negative charge density of
CMC and the mineral particles would be lower than at pH 5.5
and 8. Electrostatic forces with iron oxide particles would be most
attractive at pH 4, weakening at pH 5.5 and negligible at pH 8,
which is close to the PZC of iron particles. These pH effects also ex-
plain the negligible adhesive forces seen for all particles with the
exception of borosilicate in Milli-Q buffered to pH 8.

The data illustrate the effect of cation concentration and va-
lence on damping repulsion upon approach between the CMC
and the mineral surfaces. Ion binding to CMC can weaken electro-
static repulsion between CMC chains and favor their coiled confor-
mation [26], thus reducing steric repulsion with all mineral
particles. Na+ [9] and Ca2+ [27,28] can both bind CMC chains, but
Ca2+ should be more effective in screening CMC charge compared
to Na+, due to its higher valence. Ca2+ is therefore expected to pro-
mote more significantly coiled conformation for CMC than Na+, as
the interchain repulsion between CMC chains is weakest when
their charge is close to neutral. Cations should also reduce electro-
static repulsion between CMC and silica, borosilicate and pumice.

Salts appeared to have minor effects on the adhesive forces for
all but silica in 100 mM NaCl at pH 5.5, in which adhesion with
CMC was negligible. Although NaCl reduces repulsion upon ap-
proach, the minor effects can be attributed to reduced hydrogen
bonding between CMC and silica in the presence of Na+ ions. Sila-
nols at the silica surface are responsible for the formation of hydro-
gen bonds in pure water, but when Na+ ions are present they may
bind to the silanols [73], thus reducing their ability to sorb CMC
through hydrogen bonding after contact occurs. It is noted that
the hydrogen bonding length is approximately 2 Å and therefore
shorter than the distance up to which electrostatic interactions
can take place. This explains why NaCl reduces repulsion upon ap-
proach relative to pure water, yet damps adhesive forces (forces at
contact) to negligible values. Ca2+ cations bound to silica are also
deemed to reduce hydrogen bonding with CMC. However, Ca2+ is
expected to be more effective than Na+ in damping other repulsive
interactions contributing to the overall measured adhesive force.
The repulsive interactions include steric, hydration, and electro-
static forces. Calcium ions bound at the silica surface should also
promote acid–base interactions with CMC, in agreement with the
observations reported for starch [4]. The differences in composition
between silica and the other mineral particles can account for the
dissimilar impact of Na+ ions on the individual forces at contact
with CMC.

3.2. QCM-D study of cmc sorption onto mineral surfaces

3.2.1. Iron oxide (magnetite)
The adsorption of CMC onto various mineral surfaces was

examined by QCM-D. In QCM-D experiments, the cell was flushed
with polymer-free solution before and after the injection of the
polymer solution. During injection of the polymer solution, CMC
could sorb onto the mineral substrates. After being adsorbed,
CMC molecules were subject to a shear force, due to the drag of
the solution flowing in the laminar flow cell. In AFM experiments,
the mineral particles were brought in contact with the CMC-coated
mica and then pulled-off by applying a vertical pull-off force. Pre-
vious research showed that vertical pull-off forces and shear force
can differ in magnitude [74,75], and QCM-D experiments thus pro-
vide information that complements AFM force spectroscopy data.

The differences in the third overtone and its dissipation before
and after CMC injection are shown in Table 4. The differences refer
to the parameter values measured: (a) in milli-Q water at the
beginning of the experiment (baseline) and in milli-Q water after
injection of CMC solution (rinse-off) and (b) in electrolyte solution
before and after injection of CMC. For brevity, the differences are
given only for the third overtone and its dissipation, but the other
overtones followed similar trends. The CMC mass adsorbed onto
the magnetite sensor surface is reported in Table 4. The adsorbed
mass (DM) was estimated using the Sauerbrey equation [76]:

DM ¼ �C
Dfn

n
ð7Þ

where n is the number of the overtone, Dfn is the shift in the nth
overtone, and C is 17.7 ng Hz�1 cm�2 for 5 MHz AT cut crystals.
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Fig. 5. (a) Comparison between predicted and experimental AFM forces between CMC coated mica and iron oxide particles in 100 mM NaCl and CaCl2 (pH 5.5, T 23 �C);
individual contributions of the forces in: (b) 100 mM NaCl (pH 5.5, T 23 �C); (c) 100 mM CaCl2 (pH 5.5, T 23 �C).
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This is a simplified equation that can slightly underestimate the
adsorbed mass, but has been successfully used to model the sorp-
tion of large molecules such as lipids in QCM-D experiments [77].

The data reported in Table 4 revealed that after injection of
CMC, the overtones were reduced to lower values, indicating poly-
mer deposition at the sensor surface. Changes in the overtones can
be related to mass deposition, with greater changes indicating
greater mass adsorption. In many experiments, the dissipation fac-
tor increased after CMC injection. In particular, an increase in the
dissipation factor was observed during those in which CMC depo-
sition was most significant, i.e., when the decrease in the overtones
was greatest. The dissipation factor is related to the decay of the
waves propagating through films deposited at the sensor surface;
specifically, the decay of the dissipation factor is most significant
when films deposited at the sensor surface are thick and soft.
The increase in the dissipation factor after CMC injection is there-
fore attributed to the softness of the polymeric films, as previously
described for QCM-D experiments conducted using polymers
[78,79].

Changes in the overtone data revealed that CMC adsorption is a
pH- and ionic strength-dependent phenomenon (Table 4). Adsorp-
tion is favored at low pH and/or in the presence of high cation con-
centrations (or valency), as in these conditions, the changes in the
overtones and in the dissipation factors are more significant than
at high pH and low ionic strength. Our data also show that a great-
er CMC mass was irreversibly bound at the surface when CMC was
allowed to adsorb onto iron oxide at low pH or high ionic strengths,
as the changes in the overtones and the dissipation factors were



Table 4
Absolute value of the difference in the third overtone (F3) and its dissipation (D3) and Sauerbrey mass adsorbed during QCM-D experiments conducted with a magnetite sensor
in different water chemistries.

Solution used during the
CMC sorption step (a)

pH Ionic strength of salt
solution (mM)

Absolute value of the difference
between the parameters in salt
solution before and after CMC
injection

Absolute value of the difference
between the parameter in milli-Q
before and after CMC injection

F3 (Hz) Mass (ng/cm2) D3 (�) F3 (Hz) Mass (ng/cm2) D3 (�)

Milli-Q 5.5 – – – 1 5.9 �0
1 mM NaCl 1 2.5 14.75 �0 2.5 14.75 �0
10 mM NaCl 10 4.4 25.96 �0 4.3 25.37 �0
100 mM NaCl 100 12.3 72.57 1.0 5.5 32.45 �0
1 mM CaCl2 3 7.6 44.84 �0 5.4 31.86 �0
10 mM CaCl2 30 24.2 142.78 1.3 13.8 81.42 2.1
100 mM CaCl2 300 38.2 225.38 3.2 37.6 221.84 7.3
Milli-Q 4 – – – 8.3 48.97 �0
Milli-Q, pH 8 8 – – – �0 0 �0
1 mM NaCl, pH 8 1 �0 0 �0 �0 0 �0
100 mM NaCl, pH 8 100 9.0 53.1 1.6 2.9 17.11 �0
1 mM CaCl2, pH 8 3 7.6 44.84 2.4 3.0 17.7 �0
100 mM CaCl2, pH 8 300 47.2 278.48 4.9 45.0 265.5 11.7

a The CMC polymer concentration in the sorption step was 0.25 g/l in all experiments.

Table 5
Synoptic overview of QCM-D experiments conducted using silica and aluminum–
silicate sensors.

pH Solution used during the CMC sorption step (a)

5.5 Milli-Q
100 mM NaCl
100 mM CaCl2

4 Milli-W
8 Milli-Q

a The CMC polymer concentration in the sorption step was 0.25 g/l in all
experiments.
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significant even after rinse-off with Milli-Q water (Table 4). In light
of these findings, it is proposed that when sorption of CMC to iron
oxide occurs at low pH, or in the presence of salts, strong bonds are
formed between the deposited CMC molecules and iron oxide as
well as between various layers of CMC, and that these bonds re-
main stable even when the ionic strength was lowered or the pH
raised, preventing detachment of CMC molecules from the sub-
strate. The characteristics (e.g., valence) of the cation that was
present in solution when CMC deposition occurred was also criti-
cal. Specifically, the data indicate that adsorption is greater in the
presence of Ca2+ than of Na+, even when CaCl2 solutions have lower
ionic strength than NaCl solutions. This may be a consequence of a
reduction in CMC chain solubility upon sorption of Ca2+ ions. More-
over, Ca2+ could bind CMC molecules and reduce their negative
charge density, damping electrostatic repulsion between CMC mol-
ecules. Therefore, in the presence of Ca2+, deposition of CMC from
solution onto pre-existing CMC layers on iron oxide occurred due
to both reduced electrostatic repulsion between CMC molecules
and inter-CMC hydrophobic interactions. The importance of Ca2+

in promoting acid–base interactions also cannot be discounted.
At pH 8, attachment appeared unfavorable in Milli-Q water, but

CMC sorption at this same pH was observed in the presence of
CaCl2 (1 mM or higher) or in the presence of 100 mM NaCl. In addi-
tion to favoring cross-linking between CMC molecules, cations are
expected to bind at the iron oxide (magnetite) surface, which
should be close to its PZC at pH 8, thus increasing the number of
positively charged sites onto which negatively charged CMC could
attach. Calcium ion sorption on iron oxide was previously observed
in NaHCO3 solutions buffered to pH 8.5 [80] and sodium sorption
should also occur. It is reasonable to speculate that CMC adsorption
onto sites on the iron oxide surface should be greater in the pres-
ence of divalent cations. This hypothesis is supported by previous
studies, which showed that divalent salts were more effective than
monovalent salts in promoting CMC sorption onto negatively
charged substrates [11].

It is noted that CMC sorption onto iron oxide was indicated by
QCM-D measurements even in milli-Q at pH 5.5 and 100 mM NaCl
solutions at pH 5.5, in which AFM experiments indicated the pres-
ence of adhesive forces, but showed repulsive and negligible forces
prior to contact, respectively. Repulsive steric forces are expected
to be more significant when iron oxide particles approach a thick
polymer brush physisorbed onto mica compared to when CMC
molecules dispersed in solution approach an iron oxide surface.
However, QCM-D and AFM experiments provided similar trends
regarding the role of water chemistry on attachment onto iron
oxides, indicating that high ionic strengths and specifically CaCl2

salt promote CMC attachment, while high pH values hinder it in
the absence of CaCl2 or NaCl salts.

3.2.2. Silica and aluminum–silicate
QCM-D experiments were conducted with Milli-Q water as well

as 100 mM NaCl and CaCl2 solutions. A summary of these experi-
ments is given in Table 5. In all water chemistries (including
100 mM CaCl2 solutions), the overtones and dissipation values re-
turned to their baseline values once the flow cell was flushed with
either salt solutions or milli-Q, indicating that attachment was
weak and reversible. These results are consistent with AFM mea-
surements, which revealed weak adhesive forces in all chemistries
and repulsion upon approach in all chemistries but 100 mM CaCl2

(see Table 3).
4. Application of the modified Ohshima’s model

Modeling was conducted for curves acquired in 100 mM NaCl
and 100 mM CaCl2 solutions at pH 5.5, in order to understand
the roles of the interaction forces and investigate which were the
most important components of the interactions between mineral
particles and CMC-coated substrates. Comparisons between the
predicted and the experimental curves and the contributions of
each force are given in Fig. 5 and in Supporting Information
(Figs. S1–S3). These data reveal that the Ohshima model provides
a good fit to the experimental data for separation distances of 2–
5 nm. The optimal values of the parameters are given in Supporting
Information (Tables S1–S8). The modeling data highlight that steric
and van der Waals forces played a major role in the interactions
between mineral particles and CMC-coated substrates, and that
hydration forces were also important. The magnitude of the steric
and the hydration forces demonstrate the value of using a modified
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version of Ohshima’s model that accounts for these effects. How-
ever, it was noted that while hydration forces depend solely on
the water chemistry and on the surface properties of the interact-
ing surfaces, the magnitude of the steric forces is dependent on the
thickness of the polymer layer. Therefore, while in our AFM exper-
iments steric forces were significant due to the thick CMC layer
with which mica disks were coated, they are expected to play a less
significant role in the presence of thin polymer coatings. In partic-
ular, we believe that steric forces were less significant in QCM-D
tests than in AFM experiments, as discussed in Section 3.2.1.
5. Conclusions

Forces of interaction between a sodium salt of CMC and differ-
ent minerals were studied using AFM and QCM-D at different ionic
strengths and pH values. CMC attachment to silicates and alumi-
num–silicates was unfavorable in all chemistries except 100 mM
CaCl2 at pH 5.5, in which it was nonetheless weak and reversible.
Sorption of CMC onto silicates was least favorable in Milli-Q water
buffered to pH 8, in which the forces upon approach were repulsive
and adhesive forces were negligible for all but borosilicate. These
findings indicate that it is desirable to operate at slightly acidic
pH values and in the presence of salts if CMC is employed to stabi-
lize silicate particle suspensions, as such conditions would pro-
mote CMC sorption onto silicates.

CMC attachment onto iron oxides was irreversible in all chem-
istries except at pH 8 in low ionic strength solutions (Milli-Q and
1 mM NaCl) and was most significant at high ionic strength and
low pH values. These data demonstrate that CMC has the potential
of stabilizing suspensions of iron oxide coated particles employed
for remediation purposes, as it is able to sorb onto iron particles
and should contribute steric repulsion with neighboring particles.

It is noted that in our study, we only investigated the ability of
CMC to sorb onto mineral particles, but we have not probed the
forces between CMC-coated mineral particles. In order to stabilize
particles, CMC must (1) sorb onto the particles providing good cov-
erage and (2) contribute significant repulsive forces to the interac-
tion between CMC-coated particles, preventing their aggregation.
Further studies probing the forces of interaction between CMC-
coated particles would be useful to elucidate if the latter condition
is fulfilled.

Our study has further shown that, due to the repulsive forces
between CMC and silicates in all chemistries but 100 mM CaCl2

at pH 5.5, iron particles stabilized with CMC polymer should be
mobile in soils that are primarily silicate minerals in many water
chemistries. Conversely, if the soils contain iron oxide minerals,
attachment of CMC-coated iron particles to the iron oxide minerals
is expected to hinder transport.

A modified version of Ohshima’s theory was suitable to repre-
sent our experimental AFM data. Modeling highlighted that in
AFM experiments, the interactions between mineral particles and
CMC were dominated by van der Waals and steric forces, and that
hydration forces were also important.
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