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Abstract: In this study, flocculation of marble powder suspensions was investigated depending on 

a polymer type and dosage. Polyacrylamide was used as a synthetic polymer, while starch was used as 

a natural polymer. The effect of polyacrylamide type was also examined using anionic, cationic and non-

ionic polyacrylamides. Flocculation of suspensions was ascertained by turbidity measurements. It was 

found that anionic and especially non-ionic polymers flocculated the marble powder suspension more 

strongly than starch and cationic polymer. On the other hand, it was observed that the sequential addition 

of starch and polymer did not improve flocculation of suspension. On contrary, sequential addition of 

flocculants caused re-dispersion of the flocculated suspension. When a non-ionic polymer was used as the 

flocculant, the reached minimum turbidity of suspension was measured to be 38 NTU (nephelometric 

turbidity unit). 
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Introduction 

In marble cutting plants, production of ultra-fine powders is inevitable. A large 

amount of water is used during marble cutting and polishing, therefore, the necessity 

of water is the main problem of such plants. Another important problem is removal of 

ultra-fine powders from a recirculating plant water for the environmental 

apprehension. Flocculation enables both recycling of plant water without these 

impurities and fast settling of ultra-fine powder. There are some studies on the 

flocculation of marble powder suspensions in the literature (Bayraktar et al., 1996; 

Seyrankaya et al., 2000; Ersoy, 2005; Solak et al., 2009; Basaran and Tasdemir, 2014). 

Aggregation of fine particles using polymolecules is called polymeric flocculation 

(Attia, 1992). Flocculation normally starts with mixing of particles and polymers in a 

solution. After realization of adsorption of polymer chains on a particle surface, re-

conformation of adsorbed chains on the surface can be seen. Then, the aggregates are 
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formed and flocs are re-structured followed by the occurrences of flocs sedimentation 

(Gregory, 1988).  

The polymeric flocculants consist of long-chain molecules with high molecular 

weights and they are characterized by their ionic nature (cationic, anionic and non-

ionic). The molecular weight values of flocculants range from a few thousands up to 

tens of millions. They may be classified as natural, synthetic or modified flocculants. 

The interactions responsible for adsorption of the polymeric flocculants on the mineral 

surfaces can be either physical or chemical (Attia, 1992). Electrostatic and van der 

Waals forces are responsible for the physical adsorption which is usually weak and 

reversible (Parfitt and Rochester, 1983). Chemical adsorption is usually strong and 

irreversibly and occurs through covalent bonding between the adsorbate and surface 

species on the solid (Attia, 1992).  

Starch is a polymer of glucose containing a mixture of linear sugar amylose and 

branched sugar amylopectin. Starch can be produced from many sources such as corn 

and wheat, and its molecular weight ranges from a few thousand to five or six millions 

(Klimpel, 1997). Starches consist mainly of the polysaccharides of monosaccharide 

with different degrees of molecular weight and chain formation. Some typical 

examples of starch derivatives are starches, anionic oxidized starches or amine-treated 

cationic starches and show the pre-gelatinized and water-soluble properties. 

Adsorption of starch and related polysaccharides on particles can be assumed to be 

more than one mechanism involved in the process. Starch can also illustrate a 

depressing action due to its strong adsorption mechanism on the mineral surface 

(Abdel-Khalek et al., 2012). 

Utilisation of double flocculant systems seems to offer a promising route for 

enhanced solid-liquid separation of fine and ultrafine solid suspensions. Mixing-

polymer addition can be detrimental as well as very beneficial for the flocculation and 

the use of combinations of oppositely charged polyelectrolytes under suitable 

conditions enhancing the flocculation. Different mixing-polymer addition conditions 

may result in varying flocs size and settling rates. Dual polymer flocculations have 

been investigated by some researchers (Yu and Somasundaran, 1993; 1996; Petzold 

and Lunkwitz, 1995; 1996; Fan et al., 2000; Abro et al., 2013). 

For a successful flocculation, some variables such as pH, ionic strength, type of 

flocculants and its properties such as molecular weight, charge density, and molecular 

structure are counted as significant parameters (Werneke, 1979; Atesok, 1988; Hogg, 

2000; Yarar, 2001; Karbassi et al., 2013). The floc size distribution is a key variable 

and influences settling rate as well as turbidity of suspensions (Runkana et al., 2005). 

The turbidity value of suspension represents suspended particulate matters in the 

suspension. Ideally, a well-flocculated suspension should settle leaving no suspended 

solids in the supernatant liquid and hence a very low turbidity. Therefore, the turbidity 

is the simple way to measure the performance of flocculation (Hogg, 2000). 

The main objective of this paper is to reveal the flocculation behaviors of marble 

powder suspension by the use of individual and sequential addition of polymers. 
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Additionally, the aim of this study is to determine the effects of some operating 

parameters including the flocculant type and dosage, sequential addition of synthetic 

polymeric flocculant and starch as a natural flocculant. 

Experimental 

Materials and method 

The marble powder sample known as Marmara White was obtained from the 

Ozaltintas marble cutting plant, Ordu/Turkey. The marble powder consisted of 92-

95% dolomite (CaMg(CO3)2) and 5-8% calcite (CaCO3). The density of sample was 

determined as 2.7 g/cm
3
. The particle size distribution of the sample was identified 

using an Andreasen pipette and the reached results are given in Fig. 1. By the use of 

the Andreasen pipette, the size distribution is found by letting a homogeneous 

suspension to have a settlement in a cylinder and by taking samples from the settled 

suspension at a fixed horizontal level with certain time intervals. The curves of the 

total size distribution of the particles dispersed and settled in the liquid are evaluated 

depending on the terminal settling velocity of the particles or on the diameter 

equivalent to the settling velocity (Allen, 1981). It can be seen from Fig. 1 that the 

marble powder sample has 80% passing through the sieve size of 30 m. The d50 value 

of the sample was determined to be 15.2 µm. 
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Fig. 1. Particle size distribution of marble powder 

Three types of polymeric flocculants: anionic (A-150), cationic (C-521) and non-

ionic (N-100) Superfloc flocculants obtained from the American Cyanamid Company 

(Cytec) were used during the experiments. The molecular weights of A-150 and N-100 

polymers are in the range of 5–15·10
6
 and C-521 is 2–6·10

6
. The polymeric 

flocculants were prepared as 0.1% solutions using distilled water. Wheat starch was 

also used as a natural flocculant in a powder form without any modification. Sodium 

hydroxide and hydrochloric acid (Merck) were utilized for pH adjustment and pH 
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values of suspension were measured using a digital pH meter (Jenco 6230 model). All 

experiments were performed in distilled water. 

Zeta potential measurements were carried out using a Zeta Plus zetameter produced 

by Brookhaven Company. The measurable zeta potential range is between –150 and 

+150 mV and a typical standard deviation of experimental measurements is in the 

order of 2 mV. The turbidity of the suspension was quantified by a Velp Scientifica 

turbidimeter. 

The marble powder suspension was prepared with 5 g solid and 500 cm
3
 distilled 

water. The solid ratio of the suspension was selected as 1% (w/w), which is close to 

the medium value for the original plant water. At the beginning, the solution was 

mixed at 400 rpm for 2 min for good dispersion of solid. After addition of flocculant, 

the solution was mixed for another 3 min to obtain polymer adsorption onto the 

mineral surfaces. Then, the suspension was taken and poured into the graduated 

cylinder. The cylinder was sealed and inverted for ten times to obtain a good mixing 

and put on a flat place to track the flocculated sample. After 30 min of settling time, a 

small amount of solution was taken by using an automatic pipette at a certain height of 

suspension for a turbidity measurement. To determine the effect of sequential addition 

of flocculant on the flocculation behavior of marble suspension, the natural (starch) 

and synthetic flocculants were added in a sequence. A 3 min of conditioning time was 

allowed for each flocculant. The turbidity value of non-flocculated suspension could 

not be measured since it was above the upper limit (1000 NTU, nephelometric 

turbidity unit) of turbidimeter. The residual turbidity was measured as 307 NTU after 

sedimentation time of 30 min.  

Results and discussion 

Zeta Potential Measurements 

The stability of colloidal suspensions can be controlled by the conduction of zeta 

potential. The greater value of zeta potential causes the stability of suspension. The 

zeta potential value depends on the pH value of the suspension. If the charge of 

particle surface is high enough, it results in significant mutual repulsion preventing the 

particles from coming closer to each other. Therefore, if the charge on these particles 

is reduced to zero, these repulsion forces can be eliminated. The value of pH for which 

zeta potential is zero, is called the point of zero charge (zpc). The zeta potential values 

versus the pH values of marble powder suspensions are presented in Fig. 2. As can be 

seen from Fig. 2, the zpc value was specified as 9.6. Under this value, the marble 

powder surfaces have a positive potential. The surface potential of marble powder was 

determined as +2.5 mV at pH = 9, which was natural pH of suspension. The marble 

powder mainly contains dolomite. The zeta potential value of dolomite varies between 

0 mV and -20 mV (Chen and Tao, 2004; El-Midany, 2004; Gence and Ozbay, 2006; 

Marouf et al., 2009; Bastrzyk et al., 2011). Additionally, the measured zeta potential 

of natural stones can be positive, negative or variable depending on measurable 
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conditions, contribution of solubility products, hydrolyzing reactions and availability 

of other ions (Seyrankaya et al., 2000; Moulin and Roques, 2003; Ersoy, 2005; Zhang 

and Austa, 2006; Kurama and Karaguzel, 2013). 
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Fig. 2. Zeta potential of marble powder vs. pH  

Turbidity  

The turbidity is used to determine the presence of suspended particles in the 

suspension. The aim of flocculation process is to clarify the turbid water enabling the 

optimum conditions after sedimentation of the flocs. The supernatant turbidity of 

suspension is a function of settling time is given in Fig. 3. It can be seen that the 

settling of suspended particles takes a long time without usage of the flocculant. The 

turbidity of suspensions also shows the performance of the flocculant used. For this 

reason, the turbidity measurements were carried out on the supernatant sample 

following the flocculation experiments. A certain amount of supernatant was put into 

the cell of turbidimeter. The measurements were then realized and repeated for three 

times at least. 
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Fig. 3. Supernatant turbidity of marble powder vs. settling time 



 S. Duzyol 10 

Flocculation with single flocculant  

Klimpel (1997) showed that when the non-ionic polymers are not affected by the 

change of pH in the medium, the anionic polymers are effective at neutral and low 

alkali medium and the appropriate pH levels vary for the cationic polymers. Therefore, 

in this work the flocculation tests were performed at the pH = 9 which is the natural 

pH value of suspension and the obtained results are represented in Fig. 5. The 

polymeric flocculants A-150 and N-100 showed the best flocculation performance at 

low concentration level (0.02 g/dm
3
). The adsorption mechanism is through the charge 

neutralisation resulted from the electrostatic interaction among the anionic flocculant 

and the positively charged mineral surfaces. It is assumed that adsorption of the non-

ionic polymer onto the marble powder surfaces was realized via hydrogen bonding. 

The turbidity of suspension increased rapidly with increasing in A-150 concentration 

due to the steric forces, which are effective at high concentration of flocculant. The 

steric forces start to grow at higher concentration of flocculant causing the increase in 

the turbidity of suspension. The turbidity of suspension also increased with a rise in 

the N-100 concentration, however this increase was not compared to A-150. On the 

other hand, the cationic flocculant was effective only at high concentration levels. The 

molecular weight of C-521 is lower than that A-150 and N-100. Therefore, it can be 

said that this polymer could not be successful in marble powder suspension. The 

cationic flocculant could not be adsorbed onto the surfaces with the positive potential. 

It is very well known fact that, as the molecular weight of polymer increases, the flocs 

become larger and settle faster (Klimpel, 1997).  

Additionally, it was observed that the starch showed better flocculation behavior 

than expected. The zeta potential of the starch was measured as -13.3 mV. When 

taking the marble surfaces having a positive potential into consideration, one can say 

that a charge neutralisation mechanism is responsible for adsorption of wheat starch  
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Fig. 4. Effect of polymer concentration (g/dm3) on turbidity of marble powder 
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on the positively charged surfaces. When the upper axis is compared with the lower 

axis, it can be pointed out that the starch concentration is hundred times higher than 

the concentration of polymeric flocculant (Fig. 4). Whereas starch and other 

polysaccharides were widely used in flocculation of suspensions, the synthetic 

polymeric flocculants have many advantages over natural flocculants and are 

generally superior flocculation agents at low dosages (Tzoupanos and Zouboulis, 

2008). When the required starch amount is over the polymer amount, the same 

turbidity value of suspension can be reached.  

The sequential addition of flocculants 

Figure 5 shows the effect of polymer addition on the turbidity of marble powder in the 

presence of the starch. The sequential addition of flocculants did not improve the 

flocculation of the suspension. On the contrary, the suspension turbidity increased 

with addition of A-150 and C-521. The sequential addition of N-100 did not change 

the turbidity of suspension. As it was mentioned before, adsorption of starch was 

carried out onto the positive charged marble powder surfaces via electrostatic 

attraction. The addition of anionic flocculant following immediate starch used can 

increase the ionic strength and causes the polymer to coil-up at the end weakening the 

bridging bonds. Inclusion of the cationic flocculant may also deteriorate the ionic 

situation between the starch and the mineral causing the increase in the turbidity of 

suspension. However, utilization of the non-ionic polymer is the effect described as 

neither favourable nor unfavourable.  
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Fig. 5. Effect of polymer addition on turbidity  

of marble powder in the presence of starch  

(pH=9, polymer conc. (g/dm3); starch = 9,  

A-150 & C-521 = 0.02, N-100 = 0.2) 

Fig. 6. Effect of starch addition on turbidity 

 of marble powder in the presence of polymer  

(pH = 9, polymer conc. (g/dm3); starch = 9,  

A-150 & C-521 = 0.02, N-100 = 0.2) 
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Figure 6 shows the effect of the starch addition on the turbidity of marble powder 

in the presence of polymer. The sequential addition of the starch caused to re-

stabilization of flocculated suspension. The measured turbidity value of suspension 

was 38 NTU in the presence of 0.02 g/dm
3
 N-100. After addition of 10 g/dm

3
 starch, 

the turbidity of suspension leaped up to 783.5 NTU. Therefore, the starch addition into 

the flocculated suspension with polymer showed the dispersion effect. This may be 

due to no more absorbable part being available on the polymer saturated marble 

powder surfaces. As a result, the steric stabilisation appears to cause re-dispersion of 

the particles in solution. Starch and its modified forms display both flocculant and 

dispersant properties (Nystrom et al., 2003; Poraj-Kozminski et al., 2007). 

Conclusion 

Suspension of the marble powder is flocculated by the use of natural starch polymer 

and three other types of synthetic polymers. The zeta potential of marble powder was 

measured to be +2.5 mV at the natural pH (= 9) value of suspension. The best 

flocculation behavior was obtained with A-150 and N-100 polymer at low 

concentration levels (0.02 g/dm
3
). The electrostatic interaction was defined to be 

responsible for flocculation between the anionic flocculant and positively charged 

mineral surfaces. The non-ionic polymer is adsorbed onto the mineral surfaces by the 

way of hydrogen bonding at pH 9. The charge neutralisation mechanism also 

postulated adsorption of the wheat starch on positively charged mineral surfaces. 

However, flocculation of the marble powder suspension can be reached at high 

concentrations of the starch such as 10 g/dm
3
. Besides, C-521 did not flocculate the 

positive charged marble powder. The sequential addition of polymers did not improve 

flocculation of marble suspension. Especially, the addition of the starch and C-521 

strongly caused to the re-dispersion of flocculated suspension.  
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