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A B S T R AC T

Wastewater produced from stone industry of Iran causes serious environmental problems asso-
ciated with slurry disposal. In traditional method, many ponds are required for clarifying. The 
use of fi ltration and addition of chemicals enhance the effi ciency of operation as well as saving 
laborer cost. The polymer bridging mechanism is responsible for fl occulation of suspended 
particles. It was found that the increase of rapid mix velocity reduced the residual turbidity 
substantially except for the dosage of 0.2 mg of polymer. The addition of polymer was able to 
enhance fl ocs strength. For higher dosages of polymer, a direct relationship between increas-
ing rapid mix velocity and reduction of turbidity was observed. The values of aggregation rate 
constant Kapp were calculated to evaluate the effects of rapid mix velocity and dosage of polymer 
on residual turbidity. The maximum value of Kapp = 7.2 × 10–3 was obtained for the rapid mix 
velocity 200 rpm and dosage of polymer 1 mg/l.
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1. Introduction

Cut stone (CS) are specially cut or shaped stone for use 
in buildings, monuments, memorial stones, grave stones, 
curbing, and other construction or special uses. In the CS 
factories, during cutting and polishing, a large amount of 
wastewater is produced. This effl uent is a stable suspen-
sion with very fi ne particles. For instance, in the cutting 
of a marble block, approximately 30–40% (in weight) 
fi ne powder is produced [1]. Large particles will settle by 
gravitational forces whereas small particles (<100 μm)
move with water. This kind of wastewater can cause 
problems in receiving waters if it is not properly treated, 
e.g., increase turbidity in the receiving water and making

lake bottom muddier when the slurry fi nally settles 
down. In addition, the presence of suspended particles, 
particularly larger than 50 μm in the recycling water 
may cause polishing problems and pipe clogging dur-
ing processing [2]. The wastewater is to be treated by 
methods such as settling channel, coagulation/fl occula-
tion and fi ltration. Some studies on coagulation/fl occu-
lation of CS wastewater are summarized in Table 1.

As the settling properties of the particles are poor, one 
possible method for the separation could be addition of 
coagulant/fl occulant. This is due to the fact that there are 
a large variety of polymers prepared with a broad range 
of MW’s functional surface groups which cause a mul-
tiple attachment points to be created on different types of 
surfaces. In principle, a fl occulant is able to treat fi ne col-
loidal particles to create larger units or fl ocs, which settle 
rapidly. When a polymer with high molecular weight is 
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added at an optimum dosage, it can bridge between par-
ticles and adsorb on particles through several segments 
with the other parts of the molecule extending into the 
solution [9]. Factors affecting the kinetics of fl occula-
tion are (a) intensity and time of shear, (b) rate of addi-
tion and concentration of polymer, (c) nature of charge, 
charge density, (d) molecular weight of the polymer and 
(e) pH of the suspension and solution species.

In this study, the effects of major physical parameters 
of rapid mix such as velocity gradient, time of mixing 
and dosage of polymer were investigated to optimize 
the wastewater treatment of stone cutting industries. 

2. Theory

Coagulation is the growth of particles into larger 
fl ocs by collisions and bonding of smaller particles in 
solution. If destabilization and consequently coagula-
tion is due to gentle stirring, it is called orthokinetic and 
if it is caused by Brownian motion, it is called periki-
netic. Considering constant velocity gradient (e.g., uni-
form shear fi eld), simple theory of fl occulation kinetics 
can be derived. Such constant velocity gradients are 
diffi cult to be obtained in practice, but, the theory can 
be extended to velocity gradients created in turbulent 
fl ow conditions (e.g., paddle stirrers, baffl ed channels, 
oscillating paddles, fl uidized beds, etc.). The classical 
coagulation theory, fi rst developed by Smoluchowski, is 
expressed by the following equation [10,11]:
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where Ni and Nj (m
–3) are number concentration of i- and 

j-particles, respectively, R (m) is hydraulic radius, u and 
v (m s–1) are velocity of liquid motion in the x-direction 
and velocity of liquid being stirred, respectively.

Eq. (1) is the simple Smoluchowski equation of 
orthokinetic fl occulation. It can be observed that the rate 
of fl occulation is second order with respect to concen-
tration, depends linearly on the velocity gradient and is 
proportional to the third power of the collision radius. 
Consequently, it can be inferred that the rate of fl occula-
tion increases with [12]:

1. Increasing the collision radius of the particles. Floc-
culation improves as larger fl ocs are produced, on the 
other hand, the presence of existing large particles 
will improve fl occulation.

2. Increasing the concentrations of particles present. 
3. Increasing the velocity gradient. However, the shear 

stress which fl ocs can endure limits the value of 
velocity gradient. Excessive gradients may cause fl oc 
break-up, particularly as the fl ocs grow in size. This 
occurrence can be overcome by decreasing the veloc-
ity gradient from an initially high value, when fl ocs 
are small, to lower values as the fl ocs grow. 

The velocity gradient is represented by an average 
value G (du/dz). Assuming that the liquid is Newtonian, 
the mean velocity gradient is expressed below:
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where CD is drag coeffi cient, AP (m2) is projected area of 
stirrer blade normal to motion, r (kg m–3) is density of 
liquid, vP is velocity of stirrer blade, V (m3) is volume of 
tank and µ (kgm–1 s–1) is dynamic viscosity of liquid.

The magnitude of velocity gradient G is limited 
due to the possibility of large fl ocs being broken by 
the shear stress. Both the characteristic of fl ocs and the 
conditions of fl ocs formation affect fl ocs shear strength,
i.e. fl ocs formed with polymers are usually stronger 
than those with hydroxide fl ocs and also fl ocs formed 
rapidly in intense velocity gradients are usually stronger 
than those formed in lower velocity gradients. As fl ocs 
become larger, they become less dense and more suscep-
tible to shear. Fig. 1 represents the zones of aggregation 
and break-up. To obtain the maximum rate of fl occulation 
without break-up, mixing should start at a high value of 
G when fl ocs are small and value of G should decrease as 
the fl ocs grow in size and approach the break-up zone. 

The best fl occulation conditions are when fl ocs form 
rapidly and leave no residual primary particles or small 
aggregates. However, due to the fl oc break-up, high 
rates of fl occulation cannot be achieved if the velocity 

Table 1
A summary of some research work performed on coagulation/
fl occulation of CS wastewate

Objectives Reference

Effect of agitation regime (stirring time 
and polymer addition method) on selective 
fl occulation of minerals (quartz, calcite and 
galena).

[3]

Flocculation of marble suspensions. [4]
Effect of pH and polymer type on the 
fl occulation conditions of marble.

[5]

Infl uence of suspension pH and the anionicity 
degree of fl occulant on fl occulation of CS 
powder.

[6]

Effect of anionic polymer on settling rate on 
Bulgarian marble suspension.

[7]

Reduce the discharges of the liquid and solid 
wastes of the stone cutting industry to the 
environment; selection of the optimal coagulant 
type and addition methods.

[8]
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discharging canal, dried and brought to laboratory. Solid 
ratio of the suspension was selected as 4% (w/w), simu-
lated of cut-stone wastewater. The pH of marble slurry 
was 8.3. Cationic fl occulants, Aquisol C-4407, in powder 
form used in this study was supplied from Ionic Solutions 
Ltd. (UK).

A consequence of light scattering by particles is a 
reduction in the intensity of light transmitted through 
the suspension. Turbidity is a function of particle size, 
refractive index and particle concentration. Settling is 
assessed in a beaker, by stopping the stirring and follow-
ing the fi nal settling step and measuring the turbidity of 
the supernatant liquid. For measurement by sampling 
at a known depth, after a known time, it is assumed that 
all fl ocs with settling velocity greater than the depth/
time are removed from the supernatant liquid. By taking 
samples at a given depth at sequential times, a settling 
velocity frequency distribution can be determined for 
the fl occulated particles [18].

Flocculation tests were carried out in a 1000 ml gradu-
ated mixing beaker using distilled water. The investigation 
was designed as batch experiments involving rapid mix-
ing, slow mixing and sedimentation. The turbidity of set-
tled water was used to show the effi ciency of fl occulation. 
In this work, all parameters that infl uence the process of 
fl occulation were held constant except for the parameters 
of rapid mix and dosage of fl occulant. The initial turbid-
ity of all samples is 750 NTU. A series of experiments was 
conducted using dosage of fl occulant, 0.2, 0.4, 1, 1.5 and 
2 mg/l to investigate the effects of velocity gradient. The 
slow mix and sedimentation operations were held con-
stant throughout the experimental investigations irrespec-
tive of variation in the rapid mix parameters. Throughout 
the experiments, turbidity measurements were carried 
out using turbidity meter (Hach Model 2100 N). 

4. Results an d discussion

4.1. Effect of rapid mix velocity and dosage of polymer on 
residual turbidity

The effect of rapid mix velocity gradient for dif-
ferent polymer dosages during the initial fast mixing 
period (20 s) on the fl occulation process is shown in 
Figs. 2 and 3. It can be observed that the residual turbid-
ity decreased from an average of 250 to 100 NTU with 
the increase of rapid mix velocity from 50 to 300 rpm 
for all dosage of polymer except for dosage of polymer 
0.2 mg/l. Figs. 2 and 3 show that the dosage of polymer 
has positive effect on decreasing turbidity except for 
dosage of 0.2 mg/l. 

It can be observed from Figs. 2 and 3 that the value of 
turbidity decreased as the rapid mix velocity increased. 
When mixing in fl occulator is too mild, the fl ocs hardly 
grow in the tank and an extremely long fl occulation time 

gradients are too high. So a balance between the velocity 
gradient G and the time of fl occulation t. It is therefore 
more convenient to study Gt rather than G and t sepa-
rately. The optimum value of Gt is set between the limits 
of 104 and 105 [14,15].

To obtain the optimum values of velocity gradient 
and time of rapid mixing Vrale and Jorden [16] proposed 
the procedure based on the concept below:
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They observed that turbidity as a function of slow 
mix time can be fi t well to an equation in the form:

0
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where N0 and Nt are the turbidity at initial and slow mix-
ing time t, Kapp is the aggregation rate constant and n is 
the order of dependence which is equal to unity.

The values of Kapp can be obtained from the slope 
of best fi t line of Eq. (4). These values represent the net 
result of all the interactions between the variables affect-
ing aggregation rates. The maximum values of Kapp show 
that fl ocs will be most rapidly produced in optimum 
velocity gradients and times of rapid mixing [17]. 

3. Experimental

The marble slurry was supplied from Ali Rabei Co. 
The sample was taken in its original slurry state from 

Fig. 1. Aggregation/break-up diagram [13].
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area represents the values of Gt more than 104. It can 
be observed that the values of Gt increased from 863 to 
27,292 when rapid mix velocity increased from 30 to 300 
rpm. The value of Gt decreased slightly from 9928 to 9331 
when the dosage of polymer increased from 0.2 to 2 mg/l. 

It can be observed from Eq. (2) that the value of G 
depends on drag coeffi cient (CD), area of stirrer blade (AP), 
density of liquid (r), velocity of liquid being stirred (v), 
volume of tank (V) and dynamic viscosity of liquid (µ). 
Parameters CD, AP and V are constant and density of liquid 
does not change much in the fl occulation process. So, the 
parameters of v and µ have the main effect on Gt. Fig. 4 
represents boundaries in which the values of Gt are more 
than 104. Except for dosage of 0.2 mg/l, the value of G 
had positive relationship with residual turbidity. If the 
fraction of particle surface with adsorbed polymer is θ, 
and it is assumed that the only successful collisions are 
those between coated and uncoated surfaces, then it can 
be concluded that the fl occulation rate depends on the 
product θ and (1 – θ). For dosages of polymer used in 
this work, the surfaces of particles were not fully covered 
by polymer. Thus, rapid mix velocity gradient effectively 
increased the collision effi ciency. The magnitude of the 
mean velocity gradient G is limited by the possibility 
of large fl ocs being broken by the shear stress. Both the 
nature of the material constituting the fl ocs and the con-
ditions under which they were formed affect their shear 
strength. Thus, for dosage of 0.2 mg/l, in the higher 
value of mean velocity gradient fl oc-breakage overcame 
the effect of collision rate. Consequently, an optimum 
fl occulation condition was required [9,19]. 

4.3. Optimum velocity gradient and time of mixing

The results of the experiments and the plots of resid-
ual turbidity (1/Nt) as a function of slow mixing time (ts) 

is required [19]. A high degree of turbulence at the point 
of addition of polymer solution enhances the fl occulation 
process. It can be even more effective when suspensions 
are highly concentrated, where adsorption and particle 
collision rate are rapid [20]. In addition, it was found 
that when the dosage of polymer was 0.2 mg/l turbidity 
decreases to a minimum and then it increased. This can 
be attributed to the fact that fl oc formation and break-up 
may take place in different velocity, implying that fl ocs 
reaches to a maximum size and then breaks at higher 
shear rate [21]. On the contrary, for other dosages of poly-
mer optimum points were not observed. This may be due 
to the increase of fl oc stability with increased polymer 
dosage. The maximum fl oc size depends on the applied 
shear or energy dissipation and on the fl oc strength. 
The strength of fl oc is dependent on the attractive forces 
between component particles and the number of parti-
cle-particle contacts. Thus, long-chain polymers make 
stronger bridge between fl ocs than simple salts [22].

4.2. Effect  of rapid mix velocity and dosage of polymer on Gt

The values of Gt for different rapid mix velocities and 
dosages of polymer are shown in Fig. 4. The highlighted 

Fig. 2. Effect of rapid mix velocity on residual turbidity at 
rapid mix time of 20 s.

Fig. 3. Effect of rapid mix velocity and dosage of polymer on 
residual turbidity at rapid mix time of 20 s. 

Fig. 4. Values of Gt as a function of rapid mix velocity and 
dosage of polymer.
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for raw cut-stone wastewater turbidity of 750 NTU are 
shown in Fig. 5 and Table 2. The apparent aggregation 
rate constant Kapp is obtained from the slope of best fi t-
ted line. The values of Kapp and R2

 for different dosages of 
polymer are summarized in Table 2. It can observed from 
Fig. 5 and Table 2 that the value of Kapp for dosages 0.2, 
0.4 and 1.0 mg/l increased from 4 × 10–4 to 6 × 10–4 , 4 × 
10–4 to 1.9 × 10–2 and 1.5 × 10–3 to 7.2 × 10–3, respectively, as 
the rapid mix velocity increased. While the value of R2 
decreased as the rapid mix velocity increased from 0.98 to 
0.60, 0.89 to 0.66 and 0.99 to 0.46, respectively.

As it can be observed from Table 2 the value of R2 
decreased as the value of G increased. The optimum 
value of G was not observed for dosage of 0.2 mg/l 
polymer. Elimelech et al. [20] reported that several steps
are initiated after addition of polymer to solution:
(a) mixing of polymer among the particles; (b) adsorption 

Table 2
Values of Kapp and R2

 for different dosages of polymer and 
different rapid mix velocity

Rapid mix velocity (rpm) Kapp R2

Dosage of polymer (0.2 mg/l)
30 4 × 10−4 0.98

200 4 × 10−4 0.60
300 6 × 10−4 0.64
Dosage of polymer (0.4 mg/l)

30 4 × 10−4 0.89
150 2.8 × 10−3 0.66
200 1.9 × 10−2 0.80
Dosage of polymer (1.0 mg/l)

30 1.5 × 10−3 0.99
200 7.2 × 10−3 0.46

Fig. 5. Residual turbidity as a function of slow mix time for 
different rapid mix velocity and different dosages of poly-
mer (a) 0.2; (b) 0.4; and (c) 1.0 mg/l.

of polymer; (c) achieving equilibrium. In equilibrium no 
signifi cant difference in size of the fl ocs and residual tur-
bidity is observed. 

It can be concluded that the low values of R2 were 
due to the equilibrium condition. In other words, the 
plots of residual turbidity (1/Nt) versus slow mixing 
time (ts) had diversion from linearity after equilibrium 
point. The increase of rapid mix velocity caused solution 
to reach equilibrium faster [23]. 

5. Conclusion

Flocculation with polymer is an effi cient method to 
remove the very fi ne solids from the wastewater of stone 
cutting. The study showed that the rapid mix velocity 
and polymer dosage had a great infl uence on the fl oc-
culation process. For dosage of 0.2 mg/l polymer, there 
existed an optimum velocity gradient. The apparent 
aggregation rate constant Kapp proposed by Vrale and Jor-
den was used for evaluation of the process of rapid mix. 
The results showed that the plots of residual turbidity 
versus slow mixing time had diversion from linearity 
after equilibrium point. The increase of rapid mix veloc-
ity caused solution to reach equilibrium faster.
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