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Abstract. The effect of electrolyte concentration and potential determining ions on the coagulation and 
flocculation of illite, dolomite, and illite-dolomite mixture suspensions was investigated. Electrokinetic 
measurements, settling rate tests, and viscosity measurements were performed to examine the stability of these 
mineral suspensions and    to characterize flocculants under various physico-chemical conditions. Two 
flocculants: A-100 anionic polyacrylamide (PAM) and polyethylene oxide (PEO) were employed. 
The tests revealed that polyethylene oxide does not flocculate dolomite under any tested conditions. Viscosity 
results corroborated that the conformation of PAM macro- molecules in water is very sensitive to electrolyte 
concentration; on the other hand, the conformational state of PEO macromolecules is not affected by ionic 
strength. The intrinsic viscosity measurements suggest that the unattainable flocculation of dolomite 
suspensions with PEO must result from poor adsorption of this flocculant onto dolomite particles.  In both tested 
cases, with PAM and PEO, the relationship between coagulation and flocculation was not confirmed. 
Keywords: Coagulation; flocculation; electrolyte solutions; intrinsic viscosity. 
  
Resumen.  Se investigó el efecto de la concentración electrolítica y iones determinantes de potencial en la 
coagulación y floculación de suspensiones de ilita, dolomita y mezcla de ilita-dolomita. Mediciones 
electrocinéticas, ensayos de velocidad de sedimentación, y mediciones de viscosidad fueron realizadas para 
examinar la estabilidad de estas suspensiones minerales y caracterizar floculantes bajo varias condiciones 
fisicoquímicas. Se empleó dos floculantes: A-100 poliacrilamida aniónica (PAM) y óxido de polietileno (PEO). 
Los experimentos revelaron que el óxido de polietileno no flocula la dolomita bajo ninguna condición empleada. 
Los resultados de viscosidad corroboraron que la conformación de las macromoléculas PAM en agua es sensible 
a la concentración electrolítica; por otro lado, el estado conformacional de las macromoléculas de PEO no se 
ve afectado por la fuerza iónica. Las mediciones de viscosidad intrínseca sugieren que la floculación 
inalcanzable de las suspensiones de dolomita con PEO debe ser resultado de una mala adsorción de este 
floculante en las partículas de dolomita. En ambos casos probados, con PAM y PEO, no se confirmó la relación 
entre coagulación y floculación. 
Palabras clave: Coagulación; floculación; solución electrolítica; viscosidad intrínseca. 

 
 
 
 
 
 

mailto:josmoren@espol.edu.ec
http://dx.doi.org/10.29356/jmcs.v64i1.720


Article  J. Mex. Chem. Soc. 2020, 64(1) 
Regular Issue 

©2020, Sociedad Química de México 
ISSN-e 2594-0317 

 

15 
 
 

Introduction 
    

The mineral processing plant flowsheet includes four distinct unit operations (Fig. 1): comminution 
(crushing and grinding) and classification, separation (flotation), product dewatering (solid/liquid separation), 
and water clarification. To improve solid/liquid separation operations (both thickening and filtration) the 
industry applies flocculants. These are water- soluble polyelectrolytes. Since the process water that is used in 
flotation, before its reuse, is treated in the product dewatering and water clarification unit operations, the use of 
seawater in flotation also requires the same treatment in which flocculants are applied. The effect of the salt 
concentration on flocculation is as important as on flotation. 

 

 
Fig. 1. Closed water circuit in the modern mineral processing plant. 

 
 
 

In the solid/liquid separation unit operations, a flocculation process is used to aid particle settling and 
filtration. Polymeric flocculants are hydrophilic colloids with high molecular weight, their solubility in water 
is owing to solvation of the polar (ionic and non-ionic) groups being strong enough to prevail over the van der 
Waals cohesive forces between the polymer segments [1]. 

It is generally accepted that aggregation caused by polymeric flocculants results from bridging 
mechanism [2]. It is important to ascertain that adsorption and flocculation are not separate sequential processes 
but occur simultaneously [3]. Polymeric flocculants can be classified based on one or more of their properties, 
such as molecular weight, functional group, charge, chemical structure, or origin [4]. It is known that different 
polyacrylamide flocculants have different molecular weights and different degrees of anionicity [5]. Several 
studies have shown that high molecular weight anionic polymers, such as polyacrylamide, are commonly used 
to flocculate negatively charged clays [6–8].  

As indicated by Kitchener [9], polymeric flocculants have the ability to produce larger, stronger flocs 
than those aggregates obtained by inorganic coagulants. They may be applied either after destabilizing the 
suspension via coagulation, or without prior destabilization: 

 
Stable suspension ⇒ coagulation ⇒ flocculant addition ⇒ flocculation. 
 

(a) 
 

Stable suspension ⇒ flocculant addition ⇒ flocculation. 
 

(b) 
 

 
Nevertheless, method (a) is always better since flocculants are not very effective in treating stable 

suspensions [10]. Consequently, destabilization of a fine particle suspension can be accomplished by 
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suppressing the electrical repulsion by double layer compression (coagulation), the treatment that improves 
flocculation. A recent study by Onen and Gocer [11], has shown that coagulation plus flocculation results in 
better sedimentation efficiency rather than single methods. However, there are also studies that contradict the 
previous statements. As indicated by Rubio [12], coagulation of the particles before flocculation is not always 
enough condition for obtaining effective flocculation. 

In modern processing plants water is recycled and reused. The recycled process water is a high 
electrolyte concentration medium. Concentration of these solutions may be as high as 1 M NaCl (e.g. Mount 
Keith plant in Australia) [13]. Furthermore, in arid regions, the need to save water is necessary and the use of 
seawater in mineral processing plants is the only sustainable solution in many parts of the world. Sea water is 
a concentrated solution of NaCl (about 0.6 M) with high content of Ca2+ (0.4 g/L), Mg2+(1.3 g/L) and sulfate 
ions (2.7 g/L). When seawater is utilized not only the effect of seawater on flotation but also on solid/liquid 
separation unit operations must be studied. Since flocculation of mineral suspensions, as was pointed out by 
Kitchener [9], is more efficient when the suspension is first destabilized by coagulation, the main thesis of this 
research is that testing coagulation may serve as a convenient method of studying flocculation. 
 

 
Experimental 
 
Materials and Methods 
Sample Preparation 

“Superfloc-A100” polyacrylamide flocculant was provided by CYTEC and polyethylene oxide was 
acquired from SIGMA-ALDRICH. The viscosity-average molecular weight (MV) was 3,900,000 for A100 (as 
measured by Ferrera et al. [14]) and 5,000,000 for PEO (provided by the manufacturer). Both flocculants were 
received as dry, white granules and no further treatment or purification was used. According to Arinaitwe and 
Pawlik [5] the degree of anionicity of the A-100 flocculant is 10.2%. Sodium hexametaphosphate was provided 
by VWR International-Canada. 

Two minerals, namely dolomite (CaMg(CO3)2) and illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10 
[(OH)2, (H2O)]), were chosen for the experiments. These two minerals were selected following the 

information provided by Friend and Kitchener [15] and the preliminary tests in the Mining Engineering 
Department at the University of British Columbia (UBC) carried out by Huang et al. [16] and by Yu. [17] The 
tests include mineral samples (pure minerals) which were acquired from VWR International-Canada, and 
sample preparation by crushing in a laboratory jaw crusher and dry grinding to below 38 µm in a vibratory disc 
mill. In the next stage, the particle size distribution of the ground material was determined. The volume-average 
particle size for illite and dolomite were 4.43 µm and 4.67 µm, respectively (Malvern 2000 Mastersizer). The 
mineralogical composition of the samples, as analyzed by X-ray diffraction is shown in Table 1. X-ray 
diffraction analysis of a dolomite mineral confirmed that it was pure dolomite. On the other hand, XRD analysis 
of illite mineral showed that it was a mid-grade illite sample. 

 
Table 1. The main components of the tested minerals (wt. %). 

Illite  Dolomite  
Illite 66.8% Dolomite 99.1% 

Quartz 24.2% Quartz 0.9% 
Dolomite 3.7%   

Clinochlore 2.4%   
Kaolinite 1.3%   

Pyrite 0.7%   
Rutile 0.5%   

Anatase 0.4%   
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Electrokinetic measurements 
Dolomite samples were used and the required solid concentration in distilled water, 0.001 M NaCl and 

0.01 M NaCl solutions was 0.005 wt% of solids (5 mg of mineral in 100 g of solution). The beaker, containing 
the suspension and a magnetic stirring bar, was put on a magnetic stirrer for conditioning at room temperature 
for 10 minutes. The pH of the suspension was measured (natural pH) or it was adjusted by the addition of a few 
drops of NaOH solutions (0.1 M or 1 M). The equilibration time while stirring was 5 minutes to ensure a stable 
pH reading before the measurements. An aliquot was carefully removed by a syringe without disturbing the 
settled particles at the bottom of the beaker. The cell of the Zeta View PMX 100 instrument was filled with the 
sample removed from the beaker. This equipment measures the electrophoretic mobility of the particles in 
suspensions, and zeta potential is calculated using Smoluchowski's equation.  Each measurement in the 
instrument was done in triplicate, and each test was duplicated. Thus, mean zeta values were produced and 
displayed in the zeta potential plot. 
 
Coagulation tests 

The mineral suspensions (12.5 g of solids) were prepared by mixing with 175 ml of distilled water or 
background electrolyte solution at different pH by a four-bladed flat paddle in   a mixing tank for 7 minutes at 
an impeller speed of 400 rpm using a Lightnin Labmaster mixer. This mixing tank was made of a Plexiglas 
cylinder and equipped with four baffles. The partly coagulated slurry was then rapidly transferred to a 250-ml 
graduated cylinder, and the cylinder was inverted once to homogenize the suspension. The mudline was 
recorded for 5 minutes with the use of a digital camera. The interface settling rate (cm/s) was calculated from 
the linear portion of the interface position vs time curve. All settling tests were conducted in duplicate, thus the 
results presented in this study are average values. 
 
Flocculation tests 

Stock solutions of polymer at concentrations of 0.5 g/L were prepared by weighing 0.125 g of the 
flocculant in a weighing dish. Distilled water (250 ml) was then added into a 500-ml beaker at room temperature 
and a magnetic stirrer was used to create a deep vortex. The flocculant granules were carefully added into the 
sides of the vortex. The top of the beaker was then covered with parafilm. The flocculant solution was left 
mixing overnight to achieve complete dissolution of the flocculant. To avoid the aging effect, the stock solution 
was used within 24 hours. It has to be mentioned, an anionic polymer gradually changes its conformation with 
time from a stretched one to coiled [18]. The mineral suspensions (12.5 g of solids) were prepared by mixing 
with 175 ml of distilled water or background electrolyte solution at different pH in a mixing tank at 400 rpm 
for 3 minutes. The pH was adjusted using sodium hydroxide (1 M) and hydrochloric acid (1 M). After 
conditioning, flocculant solution (25 ml) in a burette was added slowly over 4 minutes at a constant rate to the 
mixing  tank and the mixture was stirred at 400 rpm to provide adequate mixing for polymer solution 
(polyacrylamide or polyethylene oxide flocculant) and mineral suspension. When polymer addition was 
complete, agitation was immediately stopped. Flocculant performance was evaluated through batch settling 
tests in 250-ml graduated cylinders. The partly flocculated slurry was transferred to a graduated cylinder. The 
calculation of interface settling rates is the same as used in the coagulation tests. All settling tests were 
conducted in duplicate, thus the results presented in this study are average values. 

In addition, some tests with sodium hexametaphosphate were also conducted. Illite suspensions in 
distilled water and at 1 M NaCl were mixed with dispersant, sodium hexametaphosphate (NaHMP). Then, 
polyethylene flocculant was added to observe the effect of the dispersant on flocculation. All settling tests were 
performed in duplicate; consequently, the results are average values. 

 
Viscosity measurements 

Kinematic viscosity measurements of nonionic and anionic flocculant solutions in distilled water and 
NaCl solutions were performed at natural pH and pH 11. PEO flocculant was evaluated in the concentration 
range from 140 − 260 mg/L while PAM flocculant was tested in the concentration range from 10 − 115 mg/L. 
These ranges were selected to be below the critical concentration limit - c∗  = 2.5/[η] proposed for PAM by 
Kulicke et al.,[19]  and also to assure an exact analysis, relative viscosities were between 1.2 and 2.5 as was 
recommended by Kulicke and Clasen [20]. Stock flocculant solutions were prepared and left overnight and then 
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diluted the next day. These solutions were used within 24 hours. The measurements were made using three 
Canon-Fenske capillary viscometers (diameter 0.54 mm) of different calibration constants. The capillary 
constant, K, is a specific factor for each capillary. The constants (0.007475, 0.007356 and 0.007551) that were 
provided by the manufacturer were recalculated using the literature value of the kinematic viscosity of water at 
25°C, 0.8926 mm2/s [21]. These tests were carried out with distilled water at 25°C and the new constants were 
0.007332, 0.007143 and 0.007330, respectively. The viscometers were cleaned with a 15% hydrogen peroxide 
(H2O2) solution and then with a 15% HCl solution as recommended by the manufacturer. When pH 11 was 
needed to be reached, to minimize dilution of the already dilute polymer solutions, the pH adjustment was 
effected by the addition of a few drops of 1 M NaOH solution. 7-ml aliquots of the final dilute flocculant 
solution were transferred to the capillary viscometer reservoir. The remaining diluted samples were used for 
measuring pH. Thereafter the viscometer was placed in a water bath whose temperature was maintained 
constant at 25°C for an equilibration time of 30 minutes. The kinematic viscosity was then determined by 
allowing the flocculant solution to flow down the capillary under gravity. A PVS1 Lauda photo-timing and 
processing system interfaced with a computer was employed to measure three flow times and the average of 
these values was used to calculate the kinematic viscosity (in mm2/s). The standard deviation of flow times was 
always less than 1 second. From the flow times, relative viscosities of the flocculants in distilled water and 
NaCl were calculated at each concentration and pH. The equation suggested by Fedors [22] for application to 
intrinsic viscosity determination of dilute to moderately concentrated solutions was used to fit the data and 
obtain the intrinsic viscosity values and also to analyzed the effect of pH and increased electrolyte concentration 
on the solution viscosities of the flocculants. 

 
 

Results and discussion 
 
Zeta potential measurements 

Zeta potential of dolomite particles was measured in distilled water, 10−3 M NaCl and 10−2 M NaCl 
solutions as a function of pH (Fig. 2). The reason of the lack of data in an acidic environment is to prevent 
reaction of this carbonate mineral with the acid (HCl) used to adjust pH. The particles have moderately negative 
charge in all solutions, as determined by micro-electrophoresis, and no isoelectric point was observed. Similar 
electrokinetic measurements were reported by Moudgil et al. [23] for three dolomite samples from three 
different suppliers. Some works, as that of Somasundaran and Agar [24], reported that the principal potential 
determining species for calcite, another carbonate, are Ca2+, HCO3

−, H+, and OH. They suggested that the 
negative zeta potential of dolomite is mainly attributed to the high concentration of negatively charged species 
such as HCO3

−. 
There is a slight decrease in the magnitude of zeta potential values when ionic strength is increased. 

Similarly, to the electrokinetic results obtained in this study, the zeta potential measurements of dolomite in 
distilled water have been reported and values varied from 0 to -20 mV [25]. Some researchers have reported 
values of pHiep of pure dolomite around 6 and 8 [25–27], and even in several studies all zeta potential values 
were found to be positive as a function of pH [28–30]. What is important here is that, generally, it is considered 
that for the zeta potential greater than +20 mV or more negative than -20 mV the electrostatic repulsion between 
the particles is larger than the attractive energy and, consequently, such a mineral suspension is stable. 
Therefore, since the measured zeta potential values for the tested dolomite were smaller than -20 mV these 
particles should form slowly coagulating suspensions. 

With respect to the electrokinetic measurements of illite (anisotropic mineral), Johnson et al., [31] 
reported the lack of correlation between the rheological measurements and the electrokinetic measurements for 
kaolinite suspensions. This discrepancy questions the applicability of Smoluchowski's equation to the 
calculation of zeta potential from the measured electrophoretic mobility for plate-like anisotropic minerals [32]. 
For this reason, zeta potential measurements were not performed for illite in this study. 
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Fig. 2. Zeta potential-pH behavior of dolomite suspensions in distilled water, at 0.001 M NaCl and 0.01 M 
NaCl. 
 
 
 
Coagulation tests 

As expected, dolomite suspensions in water were found to be unstable (Fig. 3B); this is especially 
visible when compared with the stability of illite (Fig. 3A). The coagulation results for illite suspensions varying 
in ionic strength and pH indicate that these suspensions were stable in distilled water over the pH range from 
6.5 to 11. The coagulation was becoming visible when ionic strength was increased. This agrees with Tombacz 
and Szekeres [33], who highlighted that the positive edge negative face interactions lead to coagulation of 
kaolinite suspensions only above a threshold of electrolyte concentration. A high electrolyte concentration 
needed to initiate kaolinite coagulation indicates dramatically increased stability of these suspensions in alkaline 
environment. 

While the effect of increased concentration of NaCl on stability of the tested suspensions was as 
expected for illite, it turned out to be the opposite for dolomite. These suspensions were found to be more stable 
in 1 M NaCl solution than in distilled water. It could be   due to CO3

2− ions are also potential determining ions 
of dolomite and specific adsorption could be responsible for an increase in surface charge and therefore greater 
stability of the suspension. While illite suspensions were expected to coagulate in acidic solutions and be stable 
in alkaline environment this was not confirmed by the experiments. 
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Fig. 3. Effect of pH on settling rate of (A) illite, (B) dolomite and (C) 50:50 illite-dolomite suspensions in 
distilled water and at 1 M NaCl. 
 
 
 
Flocculation tests 

As was observed in the flocculation tests, flocculating suspensions followed two patterns (A and B) 
illustrated in Fig. 4. In the case of A, a clear layer develops after a while, with a definite boundary below it, 
which is the mudline. The boundary falls rapidly and then more slowly approaching a limiting sediment volume. 
This provides reproducible settling rates. On the other hand, in the case of B, the fragments built from 
flocculating particles sediment faster than the non-flocculating fine particles, leading a haze at the top of the 
settling column. The settling rate results obtained under such conditions are not very reliable and highly 
irreproducible. Mineral suspensions flocculated by polyacrylamide flocculant emulates case A (Fig. 4), but illite 
suspensions in distilled water at pH 11 displayed a peculiar behavior (like case B) which is explained 
subsequently. Flocculation in an acidic environment is not good for both illite and dolomite. 

 

 
Fig. 4. Visual appearance of flocculated mineral suspensions (schematic): (A) Clear mudline, (B) 
Undetectable mudline. 
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A bell-shaped curve with settling rate vs dosage of PAM is obtained for flocculated illite suspensions 
in distilled water at pH 9 (Fig. 5A). This confirms that for the hydrophilic macromolecules when they are well 
extended in a good solvent, at some flocculant dosages, the bridging mechanism is possible and is indicated by 
a clear optimum on the flocculation curve. At higher polymer concentrations, the polymer-polymer interactions 
are preferred to polymer-solvent interactions and repulsion appears which stabilizes the suspension. At the pH 
range from 9-11, the effect of ionic strength in illite suspensions eliminates the optimum visible in distilled 
water at pH 9, and flocculation become possible even at higher dosages of the polyacrylamide flocculant where 
the steric stabilization is observed in distilled water at pH 9. 
 

 
Fig. 5. Effect of A100 polyacrylamide flocculant dosage on settling rate of the (A) illite, (B) dolomite and (C) 
illite-dolomite suspensions in distilled water and at 1 M NaCl and varying pH. 
  
 
 

The dolomite and 50:50 illite-dolomite suspensions are to some extent unstable toward particle size 
enlargement with polyacrylamide flocculant, as shown in Fig. 5. At pH of 11 in distilled water, illite does not 
flocculate with PAM, dolomite does. Consequently, addition of the flocculating dolomite to non-flocculating 
illite makes the illite-dolomite mixture flocculate. According to settling rate results, the illite-dolomite mixture 
suspensions demonstrate great dependence on pH, as presented in coagulation results. In all cases the 
flocculation with PEO at pH 6.5 is poor. The flocculation of clay suspensions by polyethylene flocculant 
reported higher settling rates in distilled water than those obtained at 1 M NaCl both at pH 9 and 11 (Fig. 6A). 
Scheiner and Wilemon [35] reported that PEO is effective in flocculating wastes that contain clay materials. 
Michaels hypothesizes that the flocculating ability of nonionic and anionic water-soluble polymers is caused 
by adsorption (via ester formation or hydrogen bonding) of hydroxyl groups or amide groups on the solid 
particle surface [2].  

As shown in Fig. 6, polyethylene oxide does not flocculate dolomite suspensions under the tested 
conditions (pH, ionic strength and flocculant dosages). At pH 11, addition of flocculating illite to non-
flocculating dolomite forces the illite-dolomite mixture to flocculate. 
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Fig. 6. Effect of polyethylene oxide flocculant dosage on settling rate of illite (A), dolomite (B) and illite-
dolomite mixture (C) in distilled water and at 1 M NaCl and varying pH. 
 

 
 

At high dosage of the flocculant (30 mg/L) the flocculation of the mixture can be quite good. However, 
it was observed that the mixture suspensions flocculated by PEO at the highest flocculant dosage used in this 
study exhibited significantly high turbidity and this is explained by the case B displayed in Fig. 4. Particularly, 
it suggests that PEO selectively flocculated illite, and non-flocculating dolomite particles remained localized in 
the supernatant. 

The effect of pH and NaCl concentration on flocculation of illite and dolomite suspensions by PAM 
and PEO is shown in Fig.  7.  Comparison of these two plots indicates that PAM is a much better flocculant, in 
that it flocculates both tested minerals and their mixture. Effectiveness of PAM significantly decreases in acidic 
conditions both in distilled water and in 1 M NaCl solution; moreover, this happens despite the extended 
configuration of PAM macromolecules in acidic solutions (as suggested by the intrinsic viscosity 
measurements). In the case of illite at pH 11, the particles are negatively charged, and this may stabilize illite 
suspension against coagulation but also may affect PAM adsorption. As reported by Sworska et al.,[36] the 
presence of Mg2+ and Ca2+ ions can significantly improve flocculation of kaolinite in alkaline solutions. The 
discussed figure also shows that dolomite is not flocculating with PEO at all. The poor flocculation of dolomite 
suspensions was observed both in acidic and alkaline solutions, and both in distilled water and 1 M NaCl 
solution. That indicates that conformation of the PEO macromolecules is not the reason in this case. The likely 
reason is poor adsorption of PEO onto dolomite. Rubio and Kitchener [37] suggested that adsorption of PEO 
on silica may be due to isolated silanol groups and/or hydrophobic sites on silica. Moudgil and Chanchani [38] 
floated dolomite as a function of oleate concentration. For this reason, in this work, several experiments with 
addition of sodium oleate to render dolomite surface hydrophobic were carried out but no improvement in the 
flocculation rate of this carbonate with PEO was observed, these results are not included in this study. Moudgil 
et al. [39] determined that the flocculation of a dolomite sample by PEO was associated with the presence of 
minor amounts of palygorskite a Mg-rich clay which modifies the surface chemical behavior of the dolomite 
sample. The isolated-OH groups hydrogen- bond with the ether oxygen of PEO and result in flocculation of 
palygorskite and dolomite. Mathur and Moudgil’s [40] study revealed that the simple presence of isolated 
hydroxyls on oxide surfaces does not necessarily result in adsorption of PEO. 
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Fig. 7. Effect of concentration of potential determining ions (pH) in distilled water (A) and 1 M NaCl 
solutions (B) on flocculation by PAM and PEO at 20mg/L dosage. 
 
 
 

Fig. 8 confirms the effect of sodium hexametaphosphate (NaHMP) as a dispersant of clay minerals. It 
is shown there that addition of NaHMP decreases the flocculation rates of illite suspensions over the pH range 
from 9 to 11. Ramirez et al.,[41] evaluated the effect of sodium hexametaphosphate in the flotation of 
chalcopyrite in the presence of kaolinite in sea water over the pH range from 7 to 11 and reported that this clay 
dispersant depresses kaolinite under such conditions. The preceding statement corroborates the results obtained 
in this work. According to Andreola et al.,[42] NaHMP accomplishes its dispersing action through a combined 
mechanism: (i) by increasing the overall negative surface charge, especially at the edges of the clay mineral 
particles; (ii) by increasing the thickness of the electrical double layer. Despite sodium hexametaphosphates 
functionality as a clay dispersant, NaHMP unexpectedly improved settling rates of illite suspensions flocculated 
by PEO at pH 6.5 and this fact cannot be explained at this stage. 
 

 
Fig. 8. Effect of potential determining ions (pH) on the flocculation of illite suspensions by PEO (20 mg/L) 
with and without Sodium Hexametaphosphate (1g/L). 
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Intrinsic viscosity measurements  
The conformation of flocculant macromolecules in solution can be studied through intrinsic viscosity 

measurements. Viscosity measurements may be reported in several forms such as dynamic viscosity η, relative 
viscosity ηr = η/ηs, specific viscosity ηsp = (η − ηs)/ηs = ηr − 1, reduced viscosity ηred(c) = ηsp/c and intrinsic 
viscosity [η]. In these expressions ηs is the solvent viscosity, c is the polymer solution concentration. The 
intrinsic viscosity is defined as the reduced viscosity when the concentration c tends to zero and its unit is [c−1], 
usually given as [100ml/g = dL/g]. The behaviour of polymers in salt solutions is commonly analyzed using the 
macromolecule-solvent interaction χ parameter usually referred to as the Flory-Huggins parameter. Perhaps one 
of the simplest way of assessing the χ parameter is via intrinsic viscosity measurements [43]. The flow time 
between two fixed marks in a capillary tube, t, for the solution and the solvent is inversely proportional to the 
density, ρ, and proportional to the viscosity, η [20]. 

 
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
; 𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡 𝜂𝜂𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
       1 

 
The relative viscosity (ηr) is defined as the ratio ηsolution/ηsolvent. For very small polymer 

concentrations, the assumption is that the density of the dilute polymer solution ρsolution equals the density of 
the pure solvent ρsolvent. Therefore, the relative viscosity is a simple ratio: 

 

𝜂𝜂𝑟𝑟 =
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
𝑡𝑡𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠

 2 

 
intrinsic viscosity [η] is a measure of the inherent ability of a polymer to increase solution viscosity. It 

is evaluated by extrapolation of experimental data to zero concentration to eliminate polymer intermolecular 
interactions and can also be estimated from the reciprocal of the slope of the line of best fit to the experimental 
data using Fedors equation. Accordingto Fedors [22] for uncharged polymers: 
 

1

�2�𝜂𝜂𝑟𝑟
(1 2⁄ )−1��

=
1

([𝜂𝜂]𝑐𝑐) −
1

([𝜂𝜂]𝑐𝑐𝑚𝑚) 3 

 
where ηr is the relative viscosity at c (polymer concentration) and cm is a polymer concentration parameter.  A 
plot of the quantity versus 1/(2(ηr

(1/2)-1)) versus 1/c should  result  in  linear response with slope equal to 1/([η]) 
and intercept 1/([η]cm).  The intrinsic viscosity is determined by calculating the inverse of the slope. In this 
study a linear interpolation was used to obtain the slope of each plot and R-squared (R2) values were above 
0.90 meaning good linear fits. 

 
As pointed out by Gochin et al.,[44] for non-ionic polymers electrolyte concentration does not change 

the conformational state of the macromolecules and this entirely agrees with the results shown in Fig. 9. The 
solubility of this polymer in water results from hydrogen bonding and these macromolecules are always in the 
extended form provided that the temperature is kept constant (increased temperature reduces hydrogen bonding 
between the polymer macromolecules and water and decreases PEO solubility) [45]. The situation of anionic 
PAM is very different; it is in the extended state in distilled water and any increase in ionic strength causes 
coiling of the PAM macromolecules (as shown by decreasing intrinsic viscosity Fig. 9). It indicates that the 
carboxylic groups seem to be sufficiently dissociated at natural pH, as shown by the highest intrinsic viscosities. 
The results also indicate excellent solvation of the polymer chains by water and this makes possible chain 
extension. 

When the pH is increased to approximately 11 in distilled water, there is a pronounced decrease in the 
intrinsic viscosity for anionic flocculant. Therefore, the most likely explanation for this reduction is that at high 
pH due to NaOH addition the charge on the ionized carboxylic groups is neutralized by the counterions. When 
the anionic polyacrylamide flocculant is tested in NaCl solutions (0.01 mol/L and 1 mol/L) there is a coiling of 
the macro- molecules which is reflected in a marked decrease in intrinsic viscosity values. An interesting 

c 
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observation is the one-fold increase of the intrinsic viscosity of A100 when the electrolyte concentration is 
increased from 0.01 M to 1 M NaCl. 

 

 
Fig. 9. Effect of pH and electrolyte concentration on the intrinsic viscosity of nonionic flocculant (PEO) and 
anionic polyacrylamide flocculant (PAM) at 25°C. 

 
 
 
Due to the polyelectrolyte effect, Hug-gins equation which was originally derived for dilute solutions 

of nonionic polymers cannot be used to measure intrinsic viscosities of anionic polymers. However, this 
equation was employed to illustrate the effects of solvency of sodium chloride solutions for polyacrylamide 
macromolecules.  According to the Huggins equation [46]:  

 
𝜂𝜂𝑟𝑟𝑠𝑠𝑟𝑟 = [𝜂𝜂] + 𝑘𝑘[𝜂𝜂2]𝑐𝑐  4 

 
where 𝜂𝜂𝑟𝑟𝑠𝑠𝑟𝑟 is the reduced viscosity ((ηr − 1)/c), [η] is the intrinsic viscosity, c is the polymer concentration, and 
k is the Huggins coefficient which is dimensionless. A plot of 𝜂𝜂𝑟𝑟𝑠𝑠𝑟𝑟 vs c should yield a straight line with the 
intercept equal to [η]. Therefore, the Huggins coefficient can be calculated from the slope values. 

 
Sakai [47] has reported that the values of k may vary between 0.5 and 0.7 for a polymer under theta-

conditions which promotes polymer-polymer interactions over polymer-solvent interactions.  This is the 
transition from a good solvent to a poor solvent. Generally, a polymer exhibits a higher value of k in a poor 
solvent than in a good solvent.  

Furthermore, this coefficient is very sensitive to the formation of molecular aggregates. In a few words, 
the solvency power of the solvents plays an important role with coil dimensions being the largest in good 
solvents; in addition, intrinsic viscosity measurements are a convenient way of estimating solvency effects. 

The solid lines of Fig. 10 are trend lines, while the dashed lines show the linear fits (Huggins equation) 
to the experimental data in 0.01 M NaCl solutions over the tested poly- acrylamide concentration range at pH 
6 and 11 (Table 2). The intrinsic viscosity results of A100 PAM in 0.01 M NaCl solutions at pH 6 and 11 and 
at 25◦ C agree with the already published values by Arinaitwe and Pawlik [48].  

As Fig. 10 and Table 2 indicate, 0.01 M NaCl solutions seem to be a worse-than-theta solvent (k is 
greater than 0.5-0.7) for the anionic polyacrylamide flocculant. Unexpectedly the overall relationship between 
the reduced viscosity and PAM concentration in 1 M NaCl solutions assumes a polynomial function with respect 
to the polymer concentration c. As reported by Napper [49], the simplest way to bring about instability in 
sterically stabilized dispersions is to reduce the solvency of the dispersing medium for the stabilizing species. 
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It is reasonable to expect that high concentrations of hydrated Na+ ions bind large amounts of water molecules 
leaving no free water for the anionic polyacrylamide hydration and dissolution [50]. Hence, it induces 
intermolecular association between coiling PAM macromolecules which may increase the intrinsic viscosity as 
shown in Fig. 9 in which there is a one-fold increase of the intrinsic viscosity of A100 when the electrolyte 
concentration is increased from 0.1 M to 1 M NaCl. Consequently, it may lead to incipient flocculation where 
adsorbed layers of polyacrylamide are aggregated, and this is supported by the quite good results obtained in 
the flocculation of illite suspensions with PAM in 1 M NaCl solutions over the pH range from 9 to 11 (as shown 
in Fig. 5A). 

 

 
Fig. 10. Reduced viscosity vs PAM concentration for different sodium chloride solutions and pH at 25°C. 

 
 
 

Table 2. Linear fit (Eq. (4)) parameters for 0.01 M NaCl solutions. 
pH Slope, k Intercept, Huggins coefficient, k 
6 709.57 24.34 1.20 
11 741.81 21.78 1.56 

 
 

The effect of pH on the intrinsic viscosities at constant ionic strength is not dramatic. The presence of 
background ions rather than pH seems to be the prevailing factor in determining the conformation of PAM, as 
reported by Arinaitwe [18]. In addition, the anionic flocculant seems to be more flexible than the nonionic 
flocculant in terms of its ability to coil or stretch as shown by the significant decrease of PAM’s intrinsic 
viscosity when tested at increased ionic strength. 

The results of intrinsic viscosities using Fedors equation are in agreement with those reported by Rao 
[51], Ghimici and Popescu [52] and Arinaitwe [18] which indicate the applicability of this equation for 
describing not only the viscosity of nonionic flocculants but also the viscosity of polyelectrolyte  solutions. 
 
 
Conclusion 
 

For a polymeric flocculant to bring about bridging flocculation, it is necessary for its macro- molecules 
not only to adsorb onto the surface of the particles, but also for the loops and tails of the adsorbed chains to 
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extend or stretch further into the dispersing medium. This is possible if the macromolecules adopt an extended 
configuration. This is determined not only by the molecular weight but also by electrical charge and hydration 
of the macromolecules. In the case of ionic flocculants at high ionic strength, shielding of the charge produces 
a more compact configuration; hence, reducing the possibility of bridging. It is worth mentioning that at very 
high salt concentrations, the medium would tend to become a worse solvent for polymeric compounds and may 
tend to salt out the polymer. 

As viscosity tests demonstrate, while conformational properties of PAM macromolecules are very 
sensitive to ionic strength (Fig. 9), the conformation state of PEO is not influenced by electrolyte concentration. 
These macromolecules adopt rather coiled configuration irrespective of pH and concentration of NaCl (Fig. 9). 
Furthermore, as the intrinsic viscosity results show, polyacrylamide is coiled at high salt concentrations, and 
this conformation should prevent bridging flocculation. At the same time, high pH (9-11) promotes strong 
dispersion of illite particles. In other words, flocculation of illite by PAM at high pH and high salt concentrations 
should be very difficult. However, it is obvious that flocculation of illite under those conditions is the most 
pronounced of all the tested conditions (Fig. 5A). In this case, attraction between coiled polyacrylamide 
molecules adsorbed on individual mineral particles seems to drive the flocculation process at high salt 
concentrations. This process differs from flocculation by bridging. In bridging flocculation, extended flocculant 
chains adsorb on several particles at the same time and, since the bridging flocculation process takes place in 
good solvent conditions, attraction between extended flocculant chains is very weak. Bridging by adsorbed 
polymer chains should be the prevailing mechanism at low salt concentrations and under good solvent 
conditions. Moreover, the results of flocculation tests with PEO, shown in Fig. 6, demonstrate that illite is 
flocculated very well at pH 9 and 11 but not at pH of 6.5. Illite-dolomite mixture behaves correspondingly; in 
addition, its flocculation is negligible at slightly acidic conditions. Dolomite is not flocculated by PEO under 
any tested conditions. Since these differences cannot be explained by different conformation of PEO in distilled 
water or salt solutions, the reason for very poor flocculation of this carbonate must result from poor adsorption 
of PEO onto dolomite particles. Additionally, Fig. 6C seems to indicate that the flocculation of the illite-
dolomite mixture is predominantly by flocculating illite and may be selective. 

The PAM flocculant, in comparison with PEO, appears to be less selective and flocculates very well 
both tested minerals (including the mixture). It flocculates dolomite better than illite. Both minerals flocculate 
better in alkaline solutions and exhibit less efficient flocculation at pH 6.5; thus, the illite-dolomite mixture 
presents the same effect as the individual mineral suspensions. In general, dolomite suspensions are less stable 
than illite and it is confirmed via electrokinetic measurements and coagulation tests; however, their higher 
stability in 1 M NaCl solutions cannot be explained at this stage. It is difficult in both tested cases with PAM 
and PEO to determine any relationship between coagulation and flocculation. 
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