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pore diameter. The experimental porosimetry or porometry curve is fitted using an
iterative fitting of pore and throat sizes until a closest fit is found. The fitting process is
undertaken using an annealed simplex algorithm, which works to find the global
minimum for a five dimensional surface. Here we present an overview of the relevant
aspects of the software to this work, while a detailed discussion of other algorithms used

in Pore-Cor may be found in the literature e.g. (Matthews, Bodurtha ef al., 2004).

To simulate mercury intrusion and liquid expulsion, a computational representation of
fluid is applied to the top face (maximum z) of the unit cell only, and percolates in the -z
direction, Figure 1-9. Fitting parameters which are called throat skew, throat spread,
pore skew, connectivity and correlation level are adjusted by the Boltzmann-annealed
amoeboid simplex (Press and Teukolsky, 1991; Johnson, Roy er ai., 2003) to give a
close fit to the entire mercury intrusion curve or liquid expulsion curve. There are three
additional Boolean constraints on the simplex: it rejects structures in which the network
is fragmented, in which voids overlap, or which cannot be adjusted to give the

experimental porosity.

The throat size distribution is of a flexible log/Euler-Beta form, which encompasses
Gaussian like, Poisson like and bimodal distributions. The probability density function,
representing the probability that the distribution lies in a small interval [x, x+dx], is

given by Equation 1-22 (Matthews, Laudone ef a/., 2010).

f(x:é”qb)z_l_

Equation 1-22

where Equation 1-23 defines the ‘Beta function’.
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W(¢om) =[x (-2 ax

Equation 1-23

The Log/Beta distribution uses two parameters, known as ‘throat spread’ and ‘throat
skew’. Throat spread is a measure of the ‘fatness’ of the distribution. Throat skew is a
measure of the ‘asymmetry’ of the distribution, with positive corresponding to

favouring bigger sizes, negative favouring smaller sizes:and 0 being symmetrical.

The parameter ¢ and n, are related to the mean, p, Equation 1-24 and standard deviation,

o, Equation 1-25, of the distribution as follows.

__¢
",
Equation 1-24
ol - fﬂb
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Equation 1-25

These expressions may be recovered by using the result that, Equation 1-26:

F(g)rﬂb

\P(C’"b)zf(‘-éw)

Equation 1-26

where the ‘Gamma function’ is defined as:

Equation 1-27
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and noting that:

(x)=(x-1)r(x-1)

Equation 1-28
The equations for the mean and standard deviation may be inverted:
2 3 2
M- - uo
( =L ~r &

0.2

Equation 1-29

U=l -0’ + o’
= e

Equation 1-30

The distribution is therefore completely specified if 4 and o, and therefore the

quantities on the right hand side , are known.

The ‘throat spread’ is defined as twice the standard deviation & . The ‘throat skew’ has
a more complex definition in order to allow a balanced sampling of the simplex

parameter space. It requires four quantities; the first two are the minimum x4 and

maximum g_. possible means for a given standard deviation.

ﬂminlrnax

=l(|i 1—4ch)
2

Equation 1-31

These can be found by substituting the following conditions, Equation 1-32 into

Equation 1-29 and Equation 1-30.
g=n,=0

Equation 1-32
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If there exists a region where the distribution is unimodal for a given standard deviation

then we define the:minimum and maximum unimodal means as g, and u, respectively.
The boundary case is a uniform distribution with: @ = #=1, 4, and y, are obtained by

solving a cubic equation, and then choosing the correct root (i.e the one nearest the

median, which is always 0.5) (Press, Flannery ef al., 1986a):
- +uc’+o2=0

Equation 1-33
1.3.1.7 Compressibility correction (Gane, Kettle et al., 1996)
When -using mercury intrusion porosimetry data, due to the high pressures used during
the experiment (up to 414 M Pa) and the differing compressibilities of mercury, sample
and penetrometer, the experimentation is subject to various compressibility errors and
these need to be corrected to.obtain a true measure of the void space of a sample.
If the sample was completely incompressible, the experimentally observed mercury

intruded volume, ¥, would include the volume of mercury intruded into the sample,

Vim, the volume expansion of the analysis chamber or penetrometer, oV, and the

compression of the'mercury 6V, (Gane, Kettle et al., 1996):

I/crbs:Vint+§Vpcn+6p;

1g

Equation 1-34
The term representing the expansion of the chamber can be evaluated by a blank run
with no sample in the penetrometer. The term representing the compressibility of the
mercury itself can be evaluated by using experimentally derived equations, which relate
the volumetric compression of mercury as a function of pressure. The working equation

for an incompressible sample becomes:
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contact angle. In this model, by increasing the roughness, the liquid may not maintain
complete contact with the surface as in the Wenzel case. So the liquid in this situation
contacts the top of the surface with air trapped between the rough protrusions of the
surface. Therefore, the liquid contacts both the rough asperities and the air in between
the protrusions, and the contact angle is given by Equation 1-48 (Wang, Ying ef al.,

2006). A schematic of Cassié-Baxter wetting is shown in Figure 1-20.
cos B =—1+ f, (cos b, +1)

Equation 1-48

Here 8, is the apparent contact angle determined using the Cassie-Baxter equation and

/i 1s the fraction of the liquid/solid interface.

With natural materials, such as calcium carbonate, the surfaces are more complex than
the models of simple flat topped protrusions. In these cases, it is often difficult to
measure the roughness factor r and/or the solid surface fraction f that a droplet
experiences. Therefore, it is possible that neither a pure Wenzel nor pure Cassie-Baxter
state will occur. It is also possible to have a Cassie-Baxter to Wenzel transition
(Shirtcliffe, McHale ef al., 2010). It is envisaged that the calcium carbonate systems
studied will have some hybrid form of wetting, which depends on the surface

roughness.

Neither Wenzel nor Cassie-Baxter wetting matches a porous material undergoing
absorption, and it is impossible practically to measure the contact angle for porous
media. The differences in pore architecture formed in compacted beds of fine carbonate
particles will be significant in determining the wetting rate. Additionally, the surface
chemistry of the particulate carbonate product plays a crucially important role. The
products tested here are, or are derived from, wet ground calcium carbonates, GCC,

which are stabilised in suspension by anionic polyacrylic dispersants. These dispersants
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are strongly polar, are swelling in contact with water and are hygroscopic. Thus, the

polar interaction component is the dominant factor for polar liquids.

1.3.5 Stickies

There continues to be considerable environmental pressure to increase the use of
recycled paper; but its use is not without complications. Some of the most difficult
problems result from the presence of adhesives, arising from hot melit glues, binders-and
other thermoplastic materials, for example from book-backs and adhesive tape or from
silicone based defoamers. They tend to be pliable organic materials, such as styrene-
butadiene and styrene acrylic latex binders, rubber, vinyl acrylates, polyisoprene,
polybutadiene and hot melts (Doshi, 1991; Douek, Guo ef al., 1997; Doshi and Dyer,
1998; Jones and Fitzhenry, 2003). Under certain conditions, these compounds can
become tacky and deposit as ‘stickies’ in the paper machine. Stickies have multiple
deleterious effects on paper quality including sheet indentations, sheet structural defects,
web breaks, and discolouration such as black spots (Olson and Letscher, 1992; Hutten,
Diaz et al., 1997, Nguyen, 1998). The correction of these faults increases production

Costs.

Once stickies are released by the pulping process, they can accumulate in the white
water system of the recycled fibre section of a paper recycling mill. Similarly, fibre
stock containing recycled fibre can suffer from a build-up of stickies on the paper
making machine. As paper mills are continuing to réduce their fresh water usage to
minimise costs, white water recycling is becoming more prevalent, increasing the

concentration of stickies and thus making them even more problematic.

Studies of stickies that have been. reported in the literature are mainly concerned with
how the effects of these compounds may be reduced in paper mills (Nguyen, 1998;

Onusseit, 2006), or the development of alternative paper additives that have less. of a
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detrimental effect during paper recycling (Onusseit, 2006; Delagoutte, 2008). Some
studies focus on the removal of stickies and pitch from the recycled fibre system by, for
example, screening (Spiess and Renner, 2004; Delagoutte, 2005; Benecke, Gantenbein
ef al., 2009), flotation (Kemper, 1999; Heise, Kemper et al., 2000; Delagoutte, 2005)
and adsorption (Douek and Allen, 1991; Allen and Douek, 1993; Rogan, 1994), or from
the white water in the paper mill (Holmbom and Sundberg, 2003; Vihisalo and
Holmbom, 2006). Stickies are classified by size and how they are introduced into the

system, as defined in Table 1-1 (Doshi, 2003).

Table 1-1 Classification of stickies.

Sticky formation method Microstickies Macrostickies
Introduced by pulping Primary microstickies smaller  Primary macrostickies, larger
chemically or mechanicaily at than 100 or 150 pm, not than 100 or 150 pm, removed
start of recycling process. removed by screening through by screening duning recycling,

100 or 150 pm screen.

Introduced by changing Secondary microstickies Secondary macrostickies,
physical or chemical smaller than 100 or 150 pm, formed by aggregation of
conditions during recycling formed by aggregation of microstickies. Sometimes
process. colloidal particles, or breakup removed by screening,
of larger panticles. dependent on paper recycling

stage when formed.

1.3.5.1 Equilibrium

Stickies typically establish colloidal suspensions in aqueous solution, usually in the
presence of surfactants. One method of removing the stickies is by adsorption of sticky
onto mineral. The sticky and mineral mixture in suspension establishes an equilibrium,

which is the starting point for this investigation described in Chapter'6.

1.3.5.2 Adsorption |

Adsorption occurs whenever a solid surface is exposed to a gas or liquid: it is defined as
the enrichment of material or increase in the density of the fluid near an interface.

Adsorption is of great technological importance. Thus, some adsorbents are used on a
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large scale as desiccants, catalysts or catalyst supports; others are used for the separation
of gases, the purification of liquids, or for pollution control. Adsorption phenomena-also
play a vital role in many solid-state reactions and biological mechanisms (Rouquerol,

Rouquerol ef al., 1999).

Adsorption can be broken down into two distinct adsorption types, chemisorption where
molecules adsorb onto the surface by the process of chemical bonding. The other
adsorption mechanism is physisorption, which occurs when van der Waals interactions
are involved. Adsorption is a key process in the study of surface science and the studies

of adsorption initially undertaken involve the adsorption of gases onto the-surface.

1.3.5.3 Adsorption isotherms

There are many different adsorption isotherms that could be used for studying the
removal.of stickies by adsorption onto a mineral surface; the isotherms discussed below

were considered for the modelling of the removal of stickies.

1.3.5.4 Freundlich equation

Freundlich: proposed a general mathematical relationship, which took into account the
role of the solid surface in adsorption of solutes, now referred to as the Freundlich
adsorption equation (Freundlich, 1926). The Freundlich equation, (Equation 1-49) can

be used for the study of gases and liquids adsorbing onto the surface.
x, / m, = Ke '™

Equation 1-49

Here x, is the mass of adsorbate, m, is the mass of adsorbent; K is the (Freundlich)
equilibrium constant, c. is the aqueous concentration and n, is the Freundlich exponent

and if n = | the equation reduces to a linear form.
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1.3.5.5 Langmuir equation

The Langmuir isotherm was initially proposed for the study of adsorption of gases and
was later modified for adsorption from solution. Langmuir isotherms assume single
layer, localised adsorption with identical interaction energies for each adsorbed

molecule (Langmuir, 1918).

A linear form of the Langmuir adsorption isotherm for adsorption from solution is
shown in Equation 1-50. Here c. is the aqueous concentration, g. is the adsorbed

concentration, K is the equilibrium constant and gmay is the maximum amount adsorbed.

C c I
L=t 4
9o Gosx K

Equation 1-50

1.3.5.6 Dubinin-Radushkevich equation(Rouqueraol,

Rouquerol et al.,, 1999)

The Dubinin-Radushkevich equation relates to physisorption by microporous solids and
filling of micropores by expanding the potential theory of Polanyi, in which the
physisorption isotherm data were expressed in the form of a temperature-invariant

‘characteristic curve’.

The Dubinin-Radushkevich equation was proposed in 1947 for the characteristic curve
in terms of fractional filling, W/W,, of the micropore volume, Wy, and is expressed in

the following form,

w/W, = exp| -(4EY |

Equation 1-51
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where A is the Polanyi adsorption affinity and E is a characteristic energy for the given

system. In turn, 4 is given by:
A=-RTIn(c/c,)

Equation 1-52

where c is the concentration and c; is the initial concentration. By combining Equation
I-51 and Equation 1-52 and introducing a scaling factor £, the isotherm equation is

obtained, Equation 1-53:

W/Wo =exP{_[RTm(Co/c)]z/(ﬁE)z}

Equation 1-53

Another parameter, the structural constant, B is.defined as:

B =5.304(R/E)’

Equation 1-54

Rearrangement of Equation 1-53 gives the Dubinin-Radushkevich equation in its usual

form, Equation 1-55:

w c,
loglo [Wo:l =-D Ioglzu (?ﬂ)

Equation:1-55

where D an empirical constant is given by Equation 1-56;
D =0434B(1/ 8y

Equation 1-56

The characteristic energy calculated during the Dubinin-Radushkevich isotherm can be
used to determine the chemical character of adsorption. When the adsorption energy is
less than 5kJmol’ the method of adsorption is defined as physisorption and for
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adsorption energies: igreater ithan 10! kJ ‘mol” the/ ‘adsorptioni :mechanism. 'is
chemisorption.
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2 Techniques

All experimental techniques used during the PhD project are summarized in this
chapter, with some background information. Each research theme is covered separately,

with the techniques used for each put in the context of the project aims.

2.1 Characterisation of porous materials

The void structure of porous materials is important in regulating the various physical
and chemical processes that occur within the material or on the surfaces of the matenal,
both external and internal to the pore network. Experimental characterisation of porous
materials is of interest in itself to establish knowledge of the structures involved, and
also allows models to be constructed, based on the experimental data, to simulate pore-

fluid phenomena.

2.1.1. Scanning electron microscopy (SEM) and image analysis

In a scanning electron microscope, electrons are emitted from a cathode filament and
drawn towards an anode. The electron beam is focused by successive magnetic lenses
into a very fine spot (from 0.5 — S nm in diameter). As electrons strike the surface of a
material they are scattered by atoms in the sample. Through these scattering events, the
beam spreads and fills a teardrop-shaped volume extending about 1 um into the surface.
The sample density, atomic number and electron energy affect the scattering event.
Interactions in this region lead to the subsequent emission of electrons and x-rays,
which are then detected. There are different types of collection of the electrons
generated used to generate images; secondary electrons and backscattered electrons

capture are two commonly used types.

Secondary electrons are electrons generated by the process of ionization; they are called

secondary electrons as they are generated from the interaction with the primary electron
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beam. Secondary electrons are low energy electrons and can be detected using an
Everhart-Thomnley scintillator photomultiplier detector positioned to the side of the
sample (Goldstein, Newbury er al., 1981). The secondary electron collection is

primarily used for detailed imaging of the surface of materials.

Backscattered electrons are primary electrons, i.e. originating from  the incident beam,
which have been reflected or backscattered from the material being analysed. The
contrast in backscatter electron images is dependent on the atomic number of the
element. The higher the atomic number of the element the more the backscattered
electrons will be scattered, and the more the electrons have been scattered, the brighter
is the image. So, heavier elements appear brighter in backscatter images than lighter
elements. Unlike the side mounted scintillator used for generating the secondary
electron image. Backscatter electrons are detected from a position above the sample in
the form of a doughnut shaped detector array. The primary use of backscatter electrons
is to generate atomic number mapping, and provide information about the topography of

the sample.

The X-rays that are generated emerge from within the teardrop volume and can be used
to characterise the elemental content of the material. They provide a spatial mapping,
depending on resolution in respect to the teardrop dimensions and subsequent X-ray
absorption of the various elemental/chemical constituents. The X-ray emission is
usually limited to inorganic materials containing elemerits of higher atomic number than
C, H and O in the periodic table, unless specialist equipment is used to identify such

“light” elements.

SEM is very useful in obtaining visual images and qualitative information on the
surface pore level structure of materials. By applying image analysis procedures,

quantitative information can be obtained (Toivakka and Nyfors). The analysis of the
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image involves the manipulation of the image by thresholding, or a similar process, to
gather information about the structure, such as the circumference of features, and the
‘feret’ diameter of porous features, where the feret is the longest distance between any

two points along the boundary.

Image analysis as a technique is limited by the quality of the images obtained. To
ensure a fair companison between different samples, the images need to be acquired
using the same technique, undér identical conditions preferably with the same
equipment. The images acquired then need to be analysed using equivalent parameters
in the image analysis software. To consider the image analysis data quantitatively, the
number of images analysed needs to be representative of the entire structure (1988;

Rasband, 2008).

2.1.2. Mercury intrusion porosimetry (MIP)
Mercury intrusion porosimetry is a technique that renders the sample non-reusable. The
technique is dependent on the behaviour of non-wetting mercury as it inundates
(intrudes) a porous object under the action of external pressure, and was first described
by E.W. Washburn (Webb and Orr, 1997). The Laplace equation 2-1, is derived from
the Young-Laplace equation for the pressure across a curved liquid boundary held in
tension, and govems the behaviour of non wetting liquids in a capillary:

_ 4y, cosd
P

d

Equation 2-1

where d is the pore equivalent capillary diameter, y,, is the interfacial tension between

mercury and air, P is the applied pressure and & is the contact.angle.
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Porosimetry measurements are nearly always carried out using mercury, since it is the
only liquid that is sufficiently inert .and non-wetting for general applications. Equation
2-1 is widely applicable, and the non-wetting nature of mercury means that it is
necessary to apply pressure in inverse proportion to pore diameter, such that a record of

the pressure provides the -analysis of pore diameter.

After intrusion, the reverse procedure, with pressure reduction, allows the drainage or
extrusion curve to be obtained, as the mercury emerges from the regions of the sample

where it is possible to do so. The commonly used values for y,,, and @, for mercury

entering an evacuated sample, are 0.485 N m™ and 140°, respectively. There are,
however, uncertainties and variations in these values, the consequences of which have

been reviewed (van Brakel, Modry ef al., 1981; Webb and Orr, 1997).

The void size distribution, obtained by the first derivative of the cumulative volume-
pressure intrusion curve, subsequently applying the Laplace equation, is representative
of a one-dimensional model of a porous solid, consisting of parallel equivalent
capillaries, as described in Section 1.3.1,1. However, this “bundle of capillaries” model
of a porous material cannot fully explain some of the typically encountered geometrical
features of pore networks which result in important subtleties in the data obtained from
mercury intrusion porosimetry. For example, the intrusion and extrusion curves
typically differ. The ’shielding' of larger void spaces, or pores, by narrower void spaces,
or throats leading to them, causes this hysteresis effect. The shielding requires a higher
than expected pressure for many of the features to fill. Similarly, rapid extrusion of
mercury can lead to detachment, known as “snap off”, within the mercury column as the
strictures imposed by throats prevent the flow of mercury needed to replenish that being
extruded. Modelling of mercury porosimetry resuits for determination of pore

architecture is described in Section 1.3.1.1 and 1.3.1.2 Such problems in the
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2.1.3. Porometry

Porometry is used within the filtration industry as a quality control tool to ensure
consistency of filter media between production batches, and to characterise filters.
Porometry is a technique also utilised for the determination of pore-size distribution of a
porous materiél. Porometry is a non-destructive technique, in the sense that the same
sample can be repeatedly measured. The method utilises a liquid expulsion technique,
where a sample that has been fully wetted and saturated by a liquid is expelled by
increasing the gas pressure above the menisci. The wetting liquid (Porofil) is
specifically chosen to have the properties of low surface tension, low vapour pressure
and low reactivity. To ensure complete saturation by wetting, some samples may
require wetting under vacuum (C_alvo, Hernandez et al., 1995). The sample has to be
saturated, not just wetted. Wetting alone can mean that just the inner surface of the
pores is wetted by-a film of liquid. It is necéssary to establish a meniscus bridging the

whole pore diameter if a measure of pore size is to be obtained.

Once the sample has been wetted a continually increasing gas pressure is applied across
one external sample face. The gas phase progressively replaces the wetting fluid in ever
finer pores as the gas pressure is increased. Eventually, the liquid is expelled as the gas
phase pressure exceeds the capillary wetting pressure. Throughout the analysis, the
surface tension of the wetting fluid acts to retain the wetting phase within the pore
structure. Therefore, when removing the wetting fluid from the pore structure, by gas
overpressure, the surface tension needs to be overcome. The pressure required is
therefore assumed to be equal equivalent to the capillary pressure (Amey, Stott ef al.,
2008), but this assumption ignores any dynamic effects caused by the flow of gas

through the sample, described in Section 3.1.1.
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is then interpreted using mathematical models of the light scattering, such as provided

by Mie theory (Mie, 1908).

2.2. Physicochemical process differences due to void structure

In order to investigate how different void structures affect the sorption and diffusion
characteristics within packed particulate beds of various calcium carbonate grades,
including some with internal particle porosity, high performance liquid chromatography

was used in conjunction with a ‘zero length column’.

2.2.1. High performance liquid chromatography (HPLC)

HPLC is one of the most widely used separation techniques. The reasons for the
popularity of the method are its sensitivity, its adaptability for accurate quantitative
determination, its ease of automation, its suitability for separating species with widely
varying properties and its wide ranging applicability to substances important to

industry, scientific fields and the public.

There are different analytical methods that can be used with HPLC; the appropriate
method is chosen depending on solubility, molecular mass and polarity of the chemical
mixture. Figure 2-4 summarises common-HPLC procedures, and the applicability of the

procedures relevant to-polarity, solubility and molecular mass.
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Ruthven, 1988), exploiting the sensitivity of the flame ionisation detector. It is,
therefore, ideally suited to study the transport properties within particulates having
internal pores, to separate the action of intraparticle pore structure from that of the
collective action of both the intra- and interparticle pores present in a typical
chromatographic column of such particles. The zero length limit of a column represents
a single particle thickness at most versus that of an infinite packed bed. The design of
the gas chromatography zero length column used by Fic and Ruthven featured a very
thin layer of zeolite crystals placed between two sinter discs in a vertical position

kel

relative to a 1/ stainless steel tube, inside a gas chromatography oven. The
experiment measured desorption of a sorbate from a saturated zeolite sample. The
techﬁique has been adapted since the gas chromatography experiment to allow an HPLC
instrument to be used. A schematic of a zero length column for a liquid system, as used
by Ruthven and Stapleton (1993a), is shown in Figure 2-6. The design of this zero
length column uses two sinters to hold the sample in place during experiments, but the

design also uses a packing matenal, so interaction between the packing material and

mobile phase also has to be determined by performing a blank analysis.
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such as argon, carbon dioxide, krypton, methane and n-butane. In this investigation
nitrogen has been used to obtain the specific surface area of the minerals used in the
investigation. Nitrogen and »-butane have also been used to obtain full adsorption /

desorption isotherms for different grades of modified calcium carbonates, to see how

the hysteresis effect between adsorption. and desorption differs between the two gases

(Banaresmunoz and Escribano, 1991). The hysteresis encountered allows the use of the
BJH algorithm, described in Section 1.3.1.4, to calculate the pore size, pore volume and
pore area of the modified calcium carbonates. The information gained by comparing the
two gases allows the surface rugosity of the modified calcium carbonates to be studied
and to infer why some modified calcium carbonates are super wetting, i.e. wet faster
than their intrusion measured pore size, and, hence, capillarity, would suggest, whilst
other modified calcium carbonates follow the expected capillarity dynamic alone. The

wetting experiment is described in Section 2.3.2.

The gas.adsorption experiments were performed on a Gemini 2360 surface area analyser
(Micromeritics Instrument Corp. USA). A photograph of the Gemini 2360 is shown in
Figure 2-8. The instrument uses a static volumetric technique in which the analysis gas
flows into a tube containing the sample (right hand tube) and a balance tube (left hand
tube), at the same time. The internal volume and the temperature are maintained at
identical conditions, the only difference being the presence of the sample in the sample
tube. The difference in volume between the two tubes was determined by using helium

prior to-the adsorption experiment.
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in the recorded weight, assumed to be completed in a time /,, which is greater than 1.
The total force Fiy acting on the solid-liquid interface during the permeation of -
hexadecane into the calcium carbonate blocks is the sum of wetting, gravity and

buoyancy forces, which are all functions of time 1:
‘F;oral (’ ) = F;tvll‘ing (’) + F graviy (I) + Fl;uojunq' (")

Equation 2-2

The buoyancy term can be neglected, because the absorbing surface is always above the

free liquid surface, gravity has a very negligible effect and F_ . =0 to a very good

approximation. The wetting force is therefore assumed to be entirely responsible for the

observed wetting of the calcium carbonate tablets.

2.4. Adsorption characteristics of mineral particles in paper
recycling
Minerals can be added at a paper recycling plant to control a problem caused by
“stickies”, which was:-explained in more detail in Chapter 1. There are different methods
that can be used to determine the efficiency of a mineral for stickies collection. Most of
the techniques do not measure the sticky concentration directly, but instead provide a

proxy method using a behavioural property of the sticky to determine the concentration

in aqueous suspension.

2.4.1. Turbidity

The turbidities of the sticky suspensions, mineral suspensions, and sticky and mineral
suspensions, were measured either on a Hach DR/890 Colorimeter (Hach Company,
USA) or a Novasina 155 Model NTM-S. Turbidity is a measure of light scattering by
particles in suspension, assessed by the drop in light transmission through a given
sample length. The Novasine 155 Model NTM-S instrument transmits light in the near
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infrared spectrum-through an optical fibre probe where the emerging beam: is scattered
by small particles in suspension. Light scattered back at 180° to the incident beam 15
collected by parallel optical fibres in the probe and focused onto a photo-diode. The
resulting signal is amplified and displayed directly in Nephelometric Turbidity Units
(NTU), defined as the intensity of light at a specified wavelength scattered, attenuated
or absorbed by suspended particles. at a method-specified angle from the path of the
incident light, compared to a synthetic chemically prepared standard. Interference from
ambient light is eliminated by using a modulated transmitting signal, removing the need

for light-tight sample handling systems.

The particle size distribution and.concentration of the scattering particles are key factors
in altering the turbidity of the suspension (Lawler, 1995). The turbidity, r, is
proportionally related to the volume occupied by each individual scaﬁering particle, v,
and the numerical volume concentration, vc’, where ¢’ is the numerical particle

concentration, Equation 2-3.
roc Ve = (w')v

Equation-2-3

If species aggregate, the volume v of the individual aggregates will increase while the
number concentration of the aggregates will decrease proportionally. Therefore, the
term vc’ remains constant, and the turbidity 7 is directly proportional to the volume of

the aggregates.

In this investigation the turbidity is used as a proxy for the sticky concentration, Chapter
6, and also used to see if aggregation. affects the results obtained in Chapter 7, when

calculating proxy adsorption isotherms.
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2.4.2. Chemical oxygen demand (COD)

The COD is a property commonly used as an indirect measure of the amount of organic
compounds in water. The COD indicates the amount of oxygen required to oxidise
organic compounds completely into carbon dioxide. It is a useful measure of water
quality. The organic compounds are fully oxidised into carbon dioxide using potassium
dichromate. On oxidising the organic compounds, the chromium ion is reduced from
Cr,0, to Cr**. The Cr** concentration is then determined spectrophotometrically. The

concentration.of Cr'* indicates the COD of the sample.

In this investigation, the COD is used as a proxy for the concentration of stickies, by

comparing the starting and ending COD concentration, Chapter 6.

2.4.3. Gravimetric analysis

Gravimetnc ;'malysis is a basic analytical technique that has a wide applicability to
various chemical systems, and is one of the most precise and accurate methods of
macro-quantitative analysis. Gravimetric analysis involves converting the analyte to an
insoluble form, and the separated precipitate is then dried and accurately weighed. From
the weight of the precipitate, and knowledge of the chemical composition, one can

calculate the weight of analyte in the desired form (Christian, 2004).

Gravimetry is used in this investigation as a direct method to determine the non-volatile

sticky concentration, Chapter 6.

2.4.4. Dissolved organic carbon (DOC)

Dissolved organic carbon analysis is a technique that obtains the concentration of
dissolved organic carbon present in a solution. The instrumentation used for the analysis
was a Shimadzu TOC-5000A coupled to an ASI-5000A autosampler (Shimadzu Corp.

Japan). The instrumentation induces high temperature combustion (680 °C) to convert
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removed by a gas.dehumidifier before the total dissolved nitrogen instrumentation. The
NO in the gas stream is reacted with O; in the NCD 255 to give the radical species

NO,* that chemiluminesces upon decay to its ground state:
2NO+ 20, — 2NO; + 20,
NO; — NO, + hv

The emitted light, of frequency v, and thus energy hv (where h is Planck's constant), is
recorded by a photomultiplier tube and the resulting signal is recorded. The signals
recorded are proportional to the amount of total dissolved nitrogen (Badr, Achterberg e/

al., 2003; Pan, Sanders e/ al., 2005; Watanabe, Badr e/ a/., 2007).

The total dissolved nitrogen results were used as -a proxy for sticky concentration in

applicable samples, Chapter 6.

2.4.5. Elemental analysis

The elemental analysis was performed on a Carlo Erba EA-IIIIO CHNS elemental
analyser (Thermo Fisher Scientific, USA). Elemental analysis is a technique that
combusts solid samples to quantify the percentage of carbon, hydrogen and nitrogen
present in the sample, and is commonly used in helping to determine the molecular or
empirical formula of organic compounds. The experimental procedure oxidises the
carbon and hydrogen into carbon dioxide and water, and reduces nitrogen compounds
into nitrogen. The bumt samples pass through two reaction columns. The first reaction
column is known as the oxidation column and is at 1 000 °C. The oxidation column is
loaded with chromium trioxide followed by silvered cobaltic /cobaltous oxides to
oxidise the carbon completely into carbon dioxide. The gases then pass into a reduction
column containing copper oxide followed by pure copper wires at 750 °C, which

removes some contaminants, and processes the nitrogen compounds, reducing them to
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mobile ions. The inner shell of charge and the outer ionic atmosphere is called the

electrical double layer (Atkins and de Paula, 2002).

The zeta potential of the sticky suspensions was measured on a Zetasizer Nano
(Malvem Instruments Ltd, UK.) before the mineral was added, and after the mineral
with adsorbate was removed. The zeta potential gave a measure of the coulombic
stability of the colloidal suspensions, and how the stability of the remaining suspension
changed because of the adsorption of sticky onto mineral surfaces. A change in
magnitude of the zeta potential was also useful in determining if cationic or anionic

species were adsorbed preferentially (Hunter, 1981).
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3 Elucidation of void space architecture of filters by
comparison and modeiling of porometry, porosimetry

and microscopy (Gribble, Matthews et al., 2010b)

3.1 Introduction

This work is an investigation of the extent to which various ‘orders’ of architecture of
the void space of porous media can be deduced from a combination of standard
experimental techniques when aided by a void network model. The experimental
samples are metal, cellulose and glass-fibre macro- and -meso-porous filters of various
types. The network model, ‘Pore-Cor’, has been described in previous publications
(Price, Matthews ez al., 2009; Matthews, Laudone e/ al., 2010). In this work, we apply-it
for the first time to porometry, which necessitates an extrapolation of the experimental
data from the instrument. Pore-Cor has been previously used to model a range of
matenials such as soil, sandstone, catalysts and paper coatings (Ridgway and Gane,
2002; Bodurtha, Matthews ef al., 2005; Laudone, Matthews e/ al., 2005; Matthews,
Laudone ef ali, 2010). The network model has also been used as a predictive tool for the
study of absorption, diffusion and filtration (Ridgway and Gane, 2002; Laudone,

Matthews er.al., 2008; Price, Matthews ef al., 2009).

Various orders of void space architecture can be postulated, analogous to the orders of
molecular structures in proteins. The primary structure of a porous material is taken to
be the distribution of void and throat sizes, the secondary structure the connectivity of
these voids, the tertiary structure the relationship between the sizes of voids and the
sizes of their immediate connecting neighbours, and the quaternary structure the size
auto-correlations and gradations over the:sample as a whole. All these different levels of

structure contribute to important properties of the sample, such as its filtration
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5.5 Results and discussion

5.5.1 Qualitative results

The desorption and diffusion experiment results from the zero length column for all the
systems are shown in Figure 5-7. The results for the blank show how the zero length
column concentration changes against time and shows the greatest change in benzene
concentration. The GCC shows a change in benzene concentration from 20.3 to
1.03 g dm™ compared with 20.5 10 1.62 g dm™ for HSA MCC and 20.3 to 1.50 g dm>
for the DP MCC. The differences between the blank and calcium carbonate systems can
be explained by the interactions between benzene and the calcium carbonate systems

which do not occur with the stainless steel sinter.

The GCC was non-porous. Therefore there was no intraparticle porosity for diffusion,
and the only interaction seen between the GCC and benzene was desorption of the
benzene. The GCC results are able to provide quantitative and qualitative information
about desorption of benzene from the surface of calcium carbonate. The results imply
that desorption of benzene is quicker than diffusion from the intra particle porosity,
because the gradient of the desorption curve is steeper for the GCC than either of the
MCC grades, whereas if desorption was the rate limiting step the gradients would be

identical.

The MCC grades were both porous, as explained earlier, with both grades having macro
pores of a similar magnitude and volume according to mercury porosimetry, Figure 4-6.
The DP MCC also had a significant volume of micro pores which the HSA MCC did
not have. Therefore, we assume the benzene will diffuse slowly in the DP MCC because
of the micro porosity. The HSA MCC also has nano-rugosity and nano-porosity, and we
do not know how this will affect the diffusion and desorption of benzene relative to the

DP MCC. Figure 5-7 shows that the HSA MCC diffuses more slowly than the DP
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Table §5-2 Table of gradient and intercept values calculated using the linear region of the desorption curve.

Blank GCC DPMCC  HSA MCC
. 2
Gradient (D, /1, 9.90x 10" 990x10" 990x10" 991x10"
Intercept (L) 4.85 6.17 5.65 6.70
Desorption and diffusion n/a 147x 10" 746x10"  4.49x 10™

coefficient / m’ s

The desorption and diffusion coefficients calculated for the calcium carbonate systems
show that as the void structure complexity increases, the diffusion rate decreases.
Therefore, the differences detected by the zero length column can be attributed to the

rugosity and porosity of the MCCs.

The dimensionless zero length column parameter (L) calculated from our data is shown
in Table 5-2 for all systems. The value of L provides information about the operating
parameters of the zero length column (Zabka and Rodrigues, 2007). When the value of
L > 1 as in our experiments, it informs us that the flow rate of mobile phase is large
enough to ensure transport rather than equilibrium control (Brandani, Xu e/ al., 1996).
Equilibrium control occurs when the mobile phase flow rate is too low and subsequently
the diffusion of the species being investigated is slowed significantly, because the

concentration gradient is not maximised at all times.
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progressively lighter as benzene diffuses from them, as seen on the surface of the DP
MCC in Figure 5-8. The model can also model diffusion into the unit cell, although in

this investigation it is not considered.

The diffusion simulation results are shown in Figure 5-9 for the DP MCC and HSA
MCC. The simulations show that it is easier for benzene to diffuse from the HSA MCC
than the DP MCC during the experimental timescale. The DP MCC has over 10 times
the benzene concentration at the end of the simulation when compared with the HSA
MCC. The DP MCC has macro and micro porosity, whereas the HSA MCC has macro
porosity with minimal micro porosity. Consequently, the diffusion in the DP MCC is
slowed by the micro porous void features (pores and throats), because the diffusion is
proportional to the diameter of the throats, and the smaller features provide greater
steric hindrance. The simulation overestimates the diffusion from the system with
respect to the experiment. The simulation only considers bulk diffusion, and the rate of

diffusion is increased by surface diffusion and decreased by adsorption and desorption

of benzene onto the surface (Laudone, Matthews ef al., 2008).







interacting with a polar stationary phase (calcium carbonate). The different phases
reduce the strength of the interaction between adsorbate and stationary phase, which
makes surface diffusion less favourable but does not completely eliminate it. Surface
diffusion is also influenced by the total surface area (i.e. not envelope surface area
which excludes intraparticle surface area). An increased surface area allows more
surface diffusion and sorption processes to occur, which the simplified model cannot
represent. The model produces smooth internal surfaces, which we know from Chapter

4 is not a realistic method of representing the internal structure.

5.6 Conclusions

In conclusion the zero length column is a sensitive technique that can be used to
investigate diffusion and desorption of systems. The zero length column technique
provided possible supporting evidence for the surface rugosity of the HSA MCC,
because of the disagreement with the simulation differences in the intraparticle micro-
and nano-porosity that influence the diffusion rate of benzene with HSA MCC. The
results also highlight the effect adsorption and desorption of benzene on the surface of
the calcium carbonate has on the rate of diffusion compared with a simulation that only
considers bulk diffusion. The results provide evidence on how the diffusion simulation
can be improved by considering additional types of diffusion that can take place, and

_ the need to include surface rugosity in the model.
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5.6.1 Highlights

Development of a working zero length column for liquid systems.
Comparison of experimental results with a simulation of diffusion.

Development of the model is required to include surface effects within the

model of diffusion.

Zero length column results supported the presence of nano rugosity -on the

surface of HSA MCC.
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6 Equilibrium coefficients for the adsorption of colloidal
stickies onto mineral suspensions to improve paper

recycling

6.1 Introduction

The work in this chapter is divided into two distinct parts with significant overlap
between the two in respect to methodology. The first set of results compares different
experimental techniques for measuring the concentration of stickies indirectly, and
provides the means for an assessment of whether any of these techniques could generate
equilibrium adsorption constants in an industrial setting. The second part is the
measurement and interpretation of the equilibrium constants of different sticky
compounds adsorbed onto different minerals. The interpretation of the equilibrium
constants requires a consideration of the molecular structure of the sticky and surface

chemistry of the mineral particle.

We have measured the equilibrium constant for the adsorption of model stickies onto
selected minerals — namely talc, modified calcium carbonate, and bentonite — in the
special case where the adsorbent mineral is maintained in excess in relation to the model
sticky adsorbed on the surface and/or in suspension. The determination of equilibrium
for the different mixtures of mineral aﬁd sticky provides information on whether the
sticky remains in colloidal suspension or adsorbs onto the surface of the mineral, and is
therefore a means of describing the efficacy of a chosen mineral for stickies control.
The measurements of these equilibria are complicated by the fact that the species are
colloidal both before and possibly after, adsorption. We assess the accuracy and
applicability of a range of experimental techniques, namely dissolved oxygen

concentration (DOC), turbidity, chemical oxygen demand (COD), gravimetric, total
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dissolved nitrogen (TDN) and elemental analysis. Similar méethods were employed by
Gantenbein ef al. for the assessment of wood' pitch adsorption on talc (Gantenbein,
Schoelkopf er al., 2009). Wovod‘ pitch is the tacky product derived from wood resin.
Stickies, however, are less.easily defined and characterised than wood pitch, as they can
have partially retained surfactant and charge stabilisation arising from their original
product form, as delivered in water suspension. This current work is an extension of that
reported by Benecke ef al., who used turbidity, chemical oxygen demand and
gravimetric techniques for the measurement of adsorption of stickies (Benecke,

Gantenbein ef al., 2009).

6.1.1 Background theory

The adsorption equilibrium is defined by the balance between concentrations of sticky

in suspension and concentrations of sticky on the particle surface:
Sticky (colloidal suspension) = Sticky adsorbed on Mineral (adsorbed)

which we write, in abbreviated form, as
[Sticky] ™ = [Sticky]**

Equation 6-1

At the start, the concentrations are [Sticky]oc°"+ [nMjnera]]S“"’ where [Sticky]oﬁ’" is

determined by the amount of sticky added at the beginning of the experiment and

[Mineral[™ is determined by the mineral concentration during the experiment. The

rgig e el .o YAds .
extent of movement toward equilibrium is imtially zero, such that [Sncky]o is zero.

On mixing the sticky and' mineral suspension, an equilibrium is set up:
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Ads
eq

Equilibrium (KS"): [Sticky]™ <= [Sticky]

Equation 6-2
The equilibrium constant for the adsorption, is:
. Ads
[Sticky]:"
Equation 6-3

This equilibrium constant does not involve [Mineral]**F, which was in excess. The

exclusion of this term was justified experimentally as described below in Section 6.3.

Figure 6-1 shows schematically how adsorption might change if [Mineral]® is
changed even further. In Figure 6-1a and 6-1b the mineral is in excess and the
adsorption behaviour is controlled by the sticky concentration in colloidal suspension

and that adsorbed onto the surface. The adsorption behaviour for Figure 6-1b may not

equal Figure 6-1a, because of adsorbate-adsorbate interactions, shown as +— in Figure
6-1b. Figure 6-lc illustrates alteration of the equilibrium by chemical or physical
perturbation. Figure 6-1d shows the adsorption behaviour when the sticky is in excess,

with sorption entirely controlled by the mineral concentration. In this investigation, all

sticky and'mineral suspensions have the mineral in excess, as in Figure 6-la.
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sticky adsorbed onto mineral is completely removed by centrifugation. We also assume
the mineral particle size does not affect the adsorption behaviour as the mineral is in

€XCCss.

The adsorbed concentration is determined by measuring the carbon content of the
mineral before and after adsorption, having adopted a suitable separation technique for
the mineral from the host suspension. The measurements assume uniform adsorption
behaviour onto the mineral, i.e. Figure 6-1a rather than Figure 6-1b. The measurements
are corrected for the initial carbon content of the mineral, so the additional carbon

content is associated only with the sticky concentration on the surface.

6.2 Experimental

6.2.1 Materials and minerals

The artificial stickies used are commercially available analogues of typical products
found to contribute to stickies found in a paper mill, and are listed in Table 6-1. For
those components obtained as a suspension, the solids contents reported have been
measured experimentally, by evaporating the suspension at 130 °C and measuring the

weight change.

Table 6-1 Stickies used in investigation

Solids
Illustrative Sticky Product name Supplier Content
(%)
Acrylic acid ester Acronal V 212 BASF 68.29 %
copolymer
Alkyldiphenyloxide Dowifax 2A1 DOW Coming 45.00 %
disulphonate
Colophonium resin Colophonium Resina AG Not applicable
Fatty acid ester Afranil RS BASF 3031%
defoamer
Mineral oil / silicone Agitan 700 Miinzing 83.61 %
defoamer Chemie
Polyvinyl acetate Vinnapas B 17 ~ Wacker Not applicable
Styrene-butadienc latex  Styronal D 809 BASF 5321 %
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The minerals used in this investigation, as described previously in Chapter 1, are talc,
MCC and bentonite. All of the minerals used in the investigation have been used in
paper manufacture either as a paper coating pigment or filler, and all are commercially

available.

The talc was obtained as undispersed talc from Mondo Minerals, Finland® (Finntalc
PO5). The Finntalc was further processed by delaminating and grinding in the
laboratories of Omya Development AG to give two different surface area and particle
size grades. These materials are also reported in the work of Gantenbein, Schoelkopf ef
al. (2009). The surface area data for these experimental products, with respect to the
BET technique (Brunauer, Emmett e al., 1938), are reported in Table 6-2. These are
then referred to as low surface area (LSA) and high surface area (HSA) talc,
respectively. The LSA talc has less exposed facial surface, and, thus, relatively more
edges which are dominated by hydrophilic interactions. By contrast the HSA talc is
dominated by the hydrophobic interaction on the relatively greater area of exposed talc
faces. The particle size distributions of the minerals were obtained using dynamic light
scattering measured by a Malvern Mastersizer 2000°. The light scattering results were
processed applying Mie theory (Mie, 1908) to ¢btain the particle size distribution. The
median particle diameter, dsp, defined by mass distribution within the defined size

range, for each material is reported in Table 6-2.

The MCC was obtained from Omya Development AG* and the sodium bentonite was

obtained from Morocco’.

? Mondo Minerals B.V. Kasarmikatu 22, Helsinki, Finland

3 Malvern Instruments Ltd, Enigma Business Park, Grovewood Rd, Malvern, U.K.
* Omya Development AG, Baslerstrasse 42, CH-4665, Oftringen, Switzerland

* $&B Industrial. Minerals. Morocco S.A.R.L
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Table 6-2 Summary of mineral properties.

Particle Size-Weight

Mineral Name Specific Szu rf?ce Area Distribution* (pm)
(m g ) dio dso doo
LSA talc 7.13 2.24 4.50 10.1
HSA talc 4530 1.56 5.02 21.0
MCC 36.13 2.55 5.49 0 85
Sodium bentonite: 100.13 0.11 1.84 19.72

* dy represents the particle diameter for which N % of the sample mass has particles liner than 4.

6.2.2 Methods
The mineral and sticky suspensions were mixed for 30 minutes at 150 revolutions per
minute on an orbital shaker. The minerals with adsorbed sticky were removed by
centrifuging at 2 000 g for 15 minutes for talc. and MCC, whereas the bentonite samples
were centrifuged for 20 minutes. The supernatant was stored in clean glass bottles. The
mineral precipitate with adsorbed sticky was kept in the centrifuge tubes for freeze

drying before elemental analysis.

There are two methods for determining the sticky concentration. The first method
involves measuring the removal of stickies from suspension, using a technique that can
measure a property of the sticky in aqueous suspension; turbidity, chemical oxygen
demand, gravimetric analysis, dissolved organic carbon and total dissolved nitrogen
analysis. The second method involves measuring an increase of stickies on the mineral.
To measure the increase of adsorbed sticky we used elemental analysis; it is also

possible to use thermo gravimetric analysis (TGA).

6.2.3 Artificial sticky preparation

All the stickies were prepared to form colloidally stable suspensions with an initial
concentration of 0.5 g dm™ with pH between 7 and 7.5 and conductivity in the rangé of
1000to 1 500 uS cm™. They were adjusted to these ranges where necessary using
dilute analytical grade hydrochloric acid, analytical grade sodium hydroxide and
laboratory grade sodium chloride. Most of the artificial stickies were available as
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colloidal suspensions. However, for the colophonium resin and polyvinyl acetate, which
were not in suspension, the following procedures were followed and then adjusted to the

correct pH and conductivity range.

Colophonium: 5 g of colophonium was saponified in 10 000 g deionised water
by the addition of 5 g sodium hydroxide. The pH was afterwards adjusted back
to 7.5 by the addition of hydrochloric acid with a resulting turbidity of 130 NTU

and a COD of 813 mg O, per dm’.

3 acetone

Polyvinyl acetate: S g polyvinyl acetate was dissolved in 100 cm
(propanone). The solution was added under viéorous stirfifl_g to a solution of 5 g
polyviny! alcohol and 10 000 g distilled water. The acetone was evaporated at

60 °C overnight to give a colloidal stable suspension with a turbidity of 64 NTU

and.a CODof 1280 mg O, per dm’.

All sticky suspensions were then diluted to 0.1, 0.05, 0.01 and 0.005 gdm'3, and
reference samples of each concentration were taken to construct a calibration series. The
sticky suspensions then had mineral suspension added to give a mineral concentration
of 2 g dm™. All the experimental techniques were used for all concentrations of the

sticky suspensions after the mineral had been removed.

6.2.4 Turbidity

A sample was taken to analyse for turbidity before and after adsorption using a

Novasina 155 Model NTM-S, Section 2.4.1.

6.2.5 Chemical oxygen demand

Before and after the adsorption experiment, a 2 cm’® sample was taken for chemical

oxygen demand analysis to.obtain a value for the change in total organic content.

More details about the experimental procedure can be found in Section 2.4.2.
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6.2.6 Gravimetric analysis

After the adsorption experiment was performed and the minerals removed by
centrifuging, 50 cm” of supernatant was transferred by pipette into a pre-weighed
aluminium tray. The supernatant was then evaporated at 95 °C in a fan assisted oven.
Once the supematant was evaporated, the aluminium trays contained the non-volatile
sticky residues, which were weighed to determine total non-volatile stickies left in the
sticky suspension. More details about the experimental procedure were given in Section

243.

6.2.7 Dissolved organic carbon and total dissolved nitrogen
analysis
The dissolved organic carbon analysis was run on a Shimadzu TOC-5000A total
organic carbon analyser coupled to a Shimadzu ASI-5000A auto sampler and also

coupled to a Siemens NCD 255 analyser, which analyses for total dissolved nitrogen.

Details of the experimental procedure were given in Sections 2.4.4 and 2.4.4.1.

6.2.8 Elemental analysis

Elemental analysis was performed on a Carlo Erba EA-1110 CHNS elemental analyser.
Section 2.4.5 details the experimental procedure. The results were cross checked against
a certified reference material with a certified carbon concentration of 3.69 + 0.11 %
with a 95 % confidence limit, which compares well with 3.58 + 0.15 % with a 95 %

confidence limit for our measurements.

6.3 Results and discussion

To confirm the excess concentration and to justify the exclusion of [Mineral]**® from
the equilibrium, an experiment was carried out in which the mineral concentration was
changed from 0.5 — 20 g dm™ and the sticky concentration kept constant. The
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equilibrium constant calculated incorporating the mineral concentration in the

calculation stayed constant at 0.001377 + 0.000077.

6.3.1 Aqueous phase - turbidity

The results obtained from the turbidity meter are very quick to obtain and simple to
perform, though they can be affected by the efficiency of the centrifuge in removing the
minerals. This technique can be used for sticky concentrations generally higher than
0.05g dm™. At lower concentrations, because the initial turbidity is lower, the technique
becomes less sensitive to changes in turbidity, especially if mineral remains in
suspension after centrifuging. The results obtained for the high sticky concentrations are
shown in Table 6-3 for all stickies except alkyldiphenyloxide disulphonate as this

suspension has a negligible turbidity at high concentration.

Bentonite is very difficult to remove from the suspension by centrifuging, even after
twenty minutes at 2 000 g. Indeed, in some bentonite adsorption experiments,
centrifugation actually increased the turbidity instead of clarifying the suspension.
(Table 6-3). Some of the results obtained, however, indicate that bentonite does reduce
the turbidity if it can be centrifuged out, when the bentonite is sufficiently coagulated

with the sticky to render centrifuging more effective.
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The chemical oxygen demand measurements are suitable for high sticky concentrations.
A chemical oxygen demand experiment takes:more time than a straightforward turbidity
measurement, but is more reliable as the efficiency of removing the mineral has a

negligible effect.

For talc, the HSA talc performed better than the LSA talc, which is to be expected.as the
specific surface area is 6 times larger. Both of the talc grades performed well on the
fatty acid ester defoamer and on the acrylic acid ester copolymer, in agreement with the
behaviour shown by the turbidity results. The tests with lower concentration stickies
were sometimes below the limit of detection, so it is uncertain exactly how much the
chemical oxygen demand was lowered under these conditions. These results are shown

in Table 6-4 as > specific percentages.

The MCC was a consistent performer for all the stickies analysed, and performed
particularly well with the acrylic acid ester copolymer and styrene butadiene latex. For
bentonite, the results indicated a 2 — 74 % reduction in chemical oxygen demand. The
talc grades and MCC, however, generally outperformed the bentonite for all of the

stickies tested.

6.3.3 Aqueous phase - gravimetric analysis

The results from the gravimetric analysis show that non-volatile sticky residue was left
in suspension after the mineral treatment, and that the analytical (weighing) balance
used was not accurate enough to quantify the sticky concentrations when at low sticky
concentrations. The technique worked well, however, at high initial sticky
concentrations. The analysis was also compromised by mineral removal efficiency
earlier in. the procedure; if any mineral was remaining it increased the residual sticky

weight. The gravimetric results for the top three concentrations are'shown in Table 6-5.
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6.3.4 Aqueous phase - dissolved organic carbon analysis

(DOC) and total dissolved nitrogen analysis (TDN)

The dissolved organic carbon analysis results, showed that the technique could be used
over a range of sticky concentrations from 0.005 to 0.5g dm™, to determine the
suspended organic carbon. Additionally, the analysis required more preparation steps,
which also make it harder to apply as an analysis in a paper mill. The results obtained
from this analysis had the advantage of being directly quantitative, and determinable
over the complete sticky range, albeit with secondary dilution, so they are able to
deliver the most information about how the sticky concentration changed during the
experiment. The results from this technique had only small errors between replicates as

shown in Appendix C.

The total dissolved nitrogen analysis was carried out with identical experimental
conditions as the dissolved organic carbon analysis. However, the method was only
usable in this study series with styrene butadiene latex, as it was the only sticky with
definable nitrogen concentration present. For this species, it confirmed that the sticky

had been removed from the aqueous phase as discussed below (Figure 6-6).

The DOC and TDN methods were additionally checked using certified reference
materials. The reference material used was a deep sea water from the Sargasso,
collected at 2 600 m with a certified dissolved organic carbon content of 44 — 45 uM C
within a 95 % confidence limit. The total dissolved nitrogen value is quoted as 21.3 pM
N for the reference material. Qur results agreed with these reference values: our DOC
value was 44.4 £ 42 uM C and the TDN value was 22.8 + 4.2 uM N within the 95 %

confidence limit from 30 analyses.

In Figures 6-4 — 6-9, the dissolved organic carbon results are compared against the

turbidity, chemical oxygen demand and gravimetric analyses. The total dissolved
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nitrogen results.are also compared, where applicable. All of the data are-.converted back
into-concentration by constructing calibration curves using the reference sample results.
If the results obtained using these calibration curves were obviously erroneous in that
they exceeded the initial concentration or were negative, they have been omitted from

the comparison graphs.

Figure 6-2 shows a comparison of the techniques in the case of the fatty acid ester
defoamer. The results for dissolved organic carbon analysis correspond well with the
turbidity and chemical oxygen demand results for the initial concentration range 0:05 —
0.5 g dm™. The chemical oxygen demand is a better fit with an R? value of 0.925
compared with the turbidity R? value of 0.844. The gravimetric results did not generate
enough data to draw any conclusions. The total dissolved nitrogen technique is not

applicable for this sticky.
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