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Abstract The sedimentation behaviour of travertine-
processing wastewater containing a high concentration of
suspended solids was investigated using different coagula-
tion and flocculation methods. In batch experiments, four
types of coagulants [FeCl;, Al,(SO,);, PACI, NaAlO,], six
types of flocculants (40% MMW-40% HMW cationic, 30%
MMV, 40% MMW, 40% HMW anionic and nonionic) and
three types of natural materials (NMs) (sepiolite, zeolite,
and pumice) were used to treat wastewater with an initial
turbidity of 570-880 NTU. The optimum process conditions
(dosage, mixing time/speed, sedimentation time, and pH)
were investigated for each. Sedimentation performance was
assessed by the effluent turbidity (Tg) values of the treated
water. The best performances obtained were 99.3% (T ;=4
NTU), 99.1% (T.4=8 NTU), and 97.8% (T.x=18 NTU)
with 40% HMW anionic-cationic flocculants, zeolite, and
FeCl,, respectively. Sludge properties, including sludge set-
tling velocity (mm/min), sludge density (g/cm?), suspended
solids (SS) content (mg/L), and sludge solids (%) were
determined and compared under optimized conditions. The
type of additive significantly affected performance. Trav-
ertine processing wastewater flocculation with polymeric
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materials and NMs, especially zeolite, was more favour-
able than coagulants in terms of both turbidity removal and
sludge quality. Since zeolite is a NM, additional studies on
using and recycling of the generated sludge as an industrial
feedstock would be worthwhile.

Keywords Marble - Physicochemical treatment -
Pumice - Sepiolite - Zeolite

Introduction

Travertine is a natural stone commonly used as a construc-
tion and building material worldwide because of its physical
properties and durability (Del Curaa et al. 2012; Ersoy et al.
2009). In natural stone processing, wastewaters contain-
ing a high amount of suspended solids are generated dur-
ing the cutting, washing, wiping, and polishing operations
(Solak et al. 2009). A medium-scale natural stone processing
plant uses about 50—150 m® of water per day with 20% loss
(Kavakli 2003). Therefore, water recycling is vital for both
the economics of the plant and to protect water resources.
However, the recycled water may contain colloid-sized
grains due to insufficient clarification. These colloids in the
recycled water can cause problems during the processing;
they can damage the cutting blades and cause the pipes to
clog (Acar 2001; Ersoy et al. 2009).

Highly turbid waters containing fine, suspended solids are
problematic (Guibai and Gregory 1991) due to their low set-
tling velocity and because fine particles (<50 um) can cause
poor solid-liquid separation during sedimentation. Solid
concentration, particle shape, density and surface properties,
and the liquid’s viscosity and density all affect sedimentation
(Oteyaka et al. 2005). Coagulation and flocculation are com-
monly used to remove turbidity from water and wastewater.
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Coagulation is achieved by added hydrolyzing metallic salts
for agglomeration of colloids into groups (Wang et al. 2014).
The mechanisms are ionic layer compression, adsorption,
and charge neutralization Flocculation occurs by polymer
bridging, charge compensation or neutralisation, polymer-
surface complex formation and depletion, and/or by com-
bination of these mechanisms (Gregory 1985; Mpofu et al.
2003, 2004). Polymers are widely used flocculants that can
be synthesized in various molecular masses and ionic forms
(Gregory and Barany 2011; Kim and Palamino 2009). Clay
minerals have been used as flocculants (Beall 2003; Konig
et al. 2012; Lagaly 2006; Rytwo et al. 2011) in olive mill
wastewater, wine industry wastewater, etc. (Mousavi et al.
2006; Rytwo et al. 2011, 2013). The coagulation-floccula-
tion process is influenced by coagulant/flocculant type, dos-
age, solids concentration, solution pH, mixing intensity, and
duration (Yu et al. 2011). Increasing the number of particles
in the water causes particle agglomeration, resulting in faster
and easier sedimentation (Ipekoglu 1997).

Studies on removal of turbidity of natural stone suspen-
sions are very common (Ersoy 2005; Ersoy et al. 2009;
Nishkov and Marinov 2003; Nystrom et al. 2003; Seyran-
kaya et al. 2000; Tasdemir and Kurana 2012), whereas there
are very limited studies on coagulation methods (Ehteshami
et al. 2016; Ersoy et al. 2009; Solak et al. 2009). Although
coagulation with inorganic salts, together with polymeric
flocculation, has been suggested for various industrial waste-
waters, the main disadvantages of such a treatment are the
high quantities of chemical sludge. Natural materials (NMs)
have been used to reduce chemical sludge release, but the
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use of clay minerals and pumice in natural stone wastewa-
ter purification has not been reported. This study included
three NMs for coagulation—flocculation. The purposes of the
study were to optimize the coagulation/flocculation condi-
tions, to investigate and compare the effectiveness of the
various coagulants, flocculants, and NMs, and to optimize
process conditions (mixing, dosage, time, pH) with respect
to the properties of the resultant treatment sludge.

Materials and Methods
Travertine Suspension

The travertine suspension was obtained from a marble pro-
cessing plant in Konya-Turkey. The travertine powder was
mixing with the cooling water during the wet-cutting of
the marble blocks, thus forming a suspension that flowed
directly to the collection pond. Samples were taken from the
inlet of the wastewater pond. The solids ratio of the samples
was 5.97%, pH was 7.5, and the turbidity was 570-880 NTU.
Considering this turbidity interval, treatment performance
was calculated based on the initial turbidity of the wastewa-
ter sample. The XRD pattern of the travertine powders in
the suspension showed that they consisted of calcite (Fig. 1);
their chemical composition was: CaO, 54.57; Al,O, 0.13;
Si0,, 0.67; Fe,05, 0.070; MgO, 0.67; Na,0, 0.028; K,O,
0.007; MnO, 0.005; and loss on ignition, 43.74%. Particle
size analysis of travertine powder was carried out using a
Mastersizer 2000; 80% of it was less than 40 pm (Fig. 2).
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Fig. 2 Particle size distribution of travertine powders

Coagulants, Flocculants, and NMs

Alum [Al,(SO,);-18H,0], ferric chloride [FeCl;-6H,0],
poly-aluminum chloride (PACI), and sodium aluminate
(NaAlO,-nH,0) were used as coagulants. Polyacrylamide
based flocculants (Table 1) and three types of NMs, zeolite,
sepiolite, and pumice, were studied as flocculants. A Manisa
Gordes (Turkey) region zeolite sample was obtained from
Enli Madencilik Co, Ltd.; an Eskisehir-Sivrihisar (Turkey)
region sepiolite sample was obtained from Dogus Maden-
cilik Inc.; and an Isparta-Gelincik (Turkey) region pumice
sample was obtained from Isbas Inc. The NM samples used
were ground and sieved to 0.106—0.300 mm (Table 2).

Zeta Potential Measurements

The zeta potential (ZP) of the samples was measured in
constant ionic strength (0.01 M NaCl) distilled water with
ZetaPlus apparatus from Brookhaven. Prior to measure-
ments, samples were dispersed at a 0.1% (w/v) solid ratio in
distilled water. As experimental studies were performed in
pH 611 interval, the pH was adjusted to values between 5.5
and 11. Ca(OH), and H,SO, (Merck) solutions were used to
adjust the pH, and pH control was provided by a digital pH
meter. The sample was stirred for 5 min at room temperature.

Table 1 Basic characteristics of flocculants

Type Commercial name Molecular weight Charge
density
(%)
Anionic Euroflock—2430 Medium 30
Anionic Euroflock—2440 Medium 40
Anionic Euroflock—3440 High 40
Nonionic Cynamid N100 - -
Cationic Euroflock—7440 Medium 40
Cationic Euroflock—8440 High 40

These values were taken from the manufacturer
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Table 2 General properties of zeolite, sepiolite and pumice samples

Natural material Zeolite Sepiolite Pumice

Hardness (mohs) 3.5-4.0 2.0-2.5 5.0-5.5

Density (g/cm?) 2.5 2.1 2.3

Water absorption capac- 80-135 100-200 30-45
ity (%)

Chemical analysis
Sio, 70.9 60.42 60.50
ALO, 12.4 1.83 17.05
Fe,0, 1.21 - 3.38
K,O 4.46 0.14 4.54
MgO 0.83 20.65 2.09
SO; - 0.07 0.16
Na,O 0.28 - 4.30
CaO 2.54 1.82 4.68
TiO, 0.089 - 0.41
MnO <0.01 - -
LOI - 15.50 <2.64

In the electrophoresis cell, the ZP of each sample was meas-
ured three times, each was recorded as the average of ten
measurements in a run. Consequently, the ZP changes as a
function of pH (between 5.5 and 11) were noted.

Treatment Experiments

Experiments were carried out in jar tests. The travertine
suspension was pre-conditioned for 10 min at 500 rpm to
obtain a well-dispersed suspension; then, the coagulant/
flocculant/NM was dosed using prepared stock solutions or
directly weighed powders (for the NMs). The suspensions
were stirred (mixing time and speed were studied as inde-
pendent variables) and left to settle for 30 min. Then, the
supernatant sample was withdrawn from a fixed distance
below the air-liquid interface and the turbidity of the sam-
ples was measured. The performance of the sedimentation
processes was assessed using Eq. (1) (Osborne 1978; Ozkan
and Yekeler 2004).

Sedimentation, % = [(TO - Teﬁ»)/TO] % 100, D

where 7T, is the initial turbidity (NTU) of the suspension
and T4 is the turbidity of the supernatant after the process.

The effect of pH was studied by first adjusting it to
between 6 and 11; then, the suspension was conditioned at
500 rpm for 3 min, the coagulant/flocculant/NM was dosed,
and the same procedure described above was applied.

Determination of Sludge Properties

Sludge settling velocity (mm/min), sludge density (SD)
(g/cm?), solids percent (%), and sludge suspended solids



Mine Water Environ (2018) 37:482-492

485

(SS) content (mg/L) were determined at the end of coagu-
lation—flocculation experiments. Sludge settling velocities
were calculated as the slope of the initial linear part of the
interface height vs time curve (A interface height/A time).
SDs were determined by Eq. 2 after weighing the known
volume of the sludge.

SD (g/cm®) = (weight of the cylinder with sludge (g)

2
— cylinder empty weight (g))/volume of sludge (mL). @

SS concentration was determined gravimetrically by filter-
ing the known volume of the sludge using constant weight
0.45 p filter paper and drying the filter paper with the sludge
cake at 105 °C. Solids percentage in the sludge was calcu-
lated using the SD and SS values.

Results and Discussion
Zeta Potential and pH Effects

None of the samples reached their isoelectric point (IEP)
between pH 5.5 and 11 (Fig. 3), which encapsulated the
pH interval of the experimental studies (6 and 11). The
ZPs of the samples were measured at — 14.43, —31.54,
—31.63, and —24.57 mV (with an average standard devia-
tion of +2.3) at the natural pH (7.5) for sepiolite, zeolite,
pumice, and travertine, respectively. As the suspension pH
increased, the negative charge of all of the NMs increased
as well. The decreased ZP may be explained by adsorption
of OH™ ions onto the positive charge centers that are present
on the particle surfaces of the sepiolite, zeolite, and pumice
or deprotonation of surface hydroxyl groups. This is com-
mon for various metal oxides and metal hydroxides (Alkan
et al. 2005; Celik and Ersoy 2005; Ersoy et al. 2010). Nega-
tive surface charge was reported at the same pH range for
travertine (Ersoy 2005; Tasdemir and Kurama 2012), who
reported that the porous structure of the travertine surface
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Fig. 3 The variation of zeta potential of travertine powder and natu-
ral materials as a function of pH

and the distinctive nature of the adsorbed organic and inor-
ganic impurities strongly affected their surface properties
and that negative ZP usually resulted from organic matter
adsorption.

Natural Sedimentation of Travertine Suspension

The natural stability of the travertine suspension was evalu-
ated at its natural pH (7.5) (Fig. 4). After 30 min, settling
velocity and turbidity were determined as 0.66 mm/min
and 87-135 NTU (85% turbidity removal efficiency); the
decrease in sedimentation rate continued for at least 10 h
(Fig. 4). The travertine suspension had a relatively high sta-
bility due to the high negative surface charge of the particles
(Fig. 3). After the first 24 h, interface height reached its final
value, which did not change when the suspension was left to
settle for two more days. Such turbid water cannot be used in
the marble processing plant as cooling water since the col-
loidal particles can cause blade deformation by scratching
the blade surface during the cutting process.

Effects of Additive Dosage on Sedimentation

At the original pH (7.5), 120 s (s) mixing time, 200 rpm
mixing speed, and 30 min of settling time, sedimentation
efficiency increased with increasing dosage at low dosages,
but slightly fluctuated as dosage was increased (Fig. 5a, b).
The use of higher flocculant dosages resulted in decreased
efficiencies. However, overall efficiencies were higher than
90% for most of the studied cases. The concentration of the
coagulant/flocculant is important in fine particle coagulation
and flocculation; an insufficient dosage causes insignificant
coagulation/flocculation while high concentrations may
restabilize the suspension (Tao et al. 2000).

The optimum coagulant dosages were determined as
20 mg/L for FeCl; and Al,(SO,);, 10 mg/L for PACI, and
300 mg/L for NaAlO,. Chloride-based coagulants were more

Interface height, cm
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Fig. 4 The variation of interface height with settling time of suspen-
sion under natural settling conditions
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Fig. 5 Effects of (a) coagulant, (b) flocculant, (c) NMs dosage on the
sedimentation of travertine suspension (mixing time: 120 s, mixing
speed: 200 rpm, settling time: 30 min)

efficienct (96-98%), with lower T (18.4-29.3 NTU), which
is a finding parallel to that described by Ersoy et al. (2009).
Al,(SOy); and NaAlO, provided 95% efficiency and 36 NTU
T, at optimum dosages (Fig. 5a).

In flocculation, the highest efficiency (99.5%, T.4=3
NTU) was achieved with 40% HMW anionic and cationic
flocculants at a 2 mg/L. dosage (Fig. 5b). For the other floc-
culants, optimal dosages, corresponding 7,4 values, and

@ Springer

calculated turbidity removal efficiencies achieved were:
1 mg/L, 8 NTU, 98.5%; 6 mg/L, 8 NTU, 98.5%, 8 mg/L,
12.9 NTU, 97.7%; and 2 mg/L, 27.4 NTU, 95% for a 30%
MMW anionic flocculant, 40% MMW anionic flocculant,
a non-ionic flocculant, and a 40% MMW cationic floccu-
lant, respectively. Cationic flocculants are suitable choices
according to electrostatic interaction when the particles are
negatively charged. Flocculant adsorption is not only due to
functional interactions with the surface, but also depends on
the molecular weight of the flocculant and rate of polymer
chain dissolution. Longer polymer chain lengths and higher
molecular weight flocculants form larger but more porous
flocs, which have less strength, whereas it is vice versa for
low molecular weight flocculants (Hogg 2000). High molec-
ular weight flocculants are extremely effective in promoting
floc growth in suspensions (Hogg et al. 1993; Owen et al.
2002) and can be adsorbed onto several particle surfaces
simultaneously to become a three-dimensional matrix.

The charge densities of ionic flocculants also affect their
effectiveness. Seyrankaya et al. (2000) observed that low-
charged anionic flocculants had a better settling rate and
water clarity. Moreover, as the ionization degree increases,
the polymer chain stretches, which makes interparticle
bridging easier (Sabah and Cengiz 2004; Stutzman and
Siffert 1977). For example, 28% anionic flocculant gave the
best settling rate, while a 34% anionic flocculant gave the
best clarity at low dosages (Ersoy 2005). However, in this
study, 30% and 40% anionic flocculants had similar efficien-
cies but at sixfold higher dosage of the 40% MMW anionic
flocculant.

In the sedimentation tests in which NMs were involved,
the highest overall turbidity removal performance was
achieved with zeolite (6000 mg/L, 8 NTU, 99%), fol-
lowed by sepiolite (6000 mg/L, 23 NTU, 97%), and pumice
(3000 mg/L, 35 NTU, 96%) (Fig. 5c). NMs help increase
solids and enhance the sweep floc mechanism. Since the
surface charges of particles were all negative (Fig. 3), the
influence of adsorption and charge neutralization mecha-
nisms had already been eliminated. Zeolite had the high-
est density (Table 2), resulting in better settling. Moreover,
channels in the zeolite and sepiolite structures enable them
to host zeolitic water and other molecules inside their struc-
tures. Entrapped water may add substantially to its weight
(Demirel et al. 1995). Pumice has 30-45%, zeolite 80-135%,
and sepiolite 100-200% by weight, water absorption capac-
ity (Table 2). This absorbed water might increase the bulk
density of the zeolite and sepiolite, making them more effec-
tive than the pumice.

Turbidity removal performances of the clays were closer
to coagulants and flocculants, but at higher dosages, simi-
lar to previous studies (Onen and Yel 2013; Tarlan-Yel and
Onen 2010). The densities of zeolite and sepiolite were
lower than Al,(SO,); and FeCl,;. As the maximum residual
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turbidity of the treated water should be less than 15 NTU
(Ersoy 2005), this was only achieved by the zeolite. How-
ever, the clay-travertine sludge is a potentially more valu-
able by-product since the sludge is composed of natural
materials.

Effect of Mixing Time on Sedimentation

Mixing conditions influence the coagulation/flocculation
process efficiency and floc properties (Rossini et al. 1999;
Yu et al. 2011; Zhao et al. 2014) Although a short period
of rapid mixing was necessary for good turbidity removal,
prolonged rapid mixing can impair performance. Therefore,
in this step, effects of mixing time (15-180 s) for coagula-
tion and flocculation were investigated (Fig. 6).

The appropriate mixing time for coagulation was 90 s
for Al,(SO,); and 120 s for the other coagulants. Al,(SO,);
coagulation efficiency slightly decreased at longer mix-
ing times (Fig. 6a). 120 s of mixing was used for all of the
flocculants. The efficiencies achieved at this duration were
99% (T.4+=3 NTU) for anionic and cationic flocculants, and
98% (T.s=4 NTU) for the non-ionic flocculant. About 98%
(T.4=14 NTU) and 96% (T,;=24 NTU) efficiencies were
achieved in the first 15 s of mixing with anionic and cati-
onic flocculants, respectively (Fig. 6b). Mixing time had no
effect on sedimentation performance when pumice was used
whereas, when zeolite and sepiolite were used, 99% (T ;=8
NTU) and 97% (T.+=23 NTU) turbidity removal efficien-
cies were obtained at 90 and 120 s, respectively (Fig. 6¢).
Increased mixing time decreased sedimentation efficiencies
because accumulation of coagulants/flocculants onto parti-
cle surfaces cause stearic hindrance and instability, which
obstructs coagulation/flocculation and increases suspension
turbidity.

Effect of Settling Time on Sedimentation

After mixing, the suspensions were left to settle; floc sedi-
mentation was tracked (Fig. 7). 10 min of settling was suffi-
cient for flocculants to achieve ultimate efficiency; over 90%
occurred within the first 5 min. The other additives required
25 min of settling. Non-ionic flocculant performance for tur-
bidity removal was not as high as for the other flocculants.
Flocculant-particle interactions were faster than coagulants
and NMs; the flocculants adsorbed onto the particles quicker
and formed stronger flocs through a bridging mechanism.
Flocs obtained with coagulants were weaker and smaller,
which produced lower settling velocities (Fig. 7).

Effect of Mixing Speed on Sedimentation

Mixing speed is an important variable in floc formation.
It should be sufficient for homogeneity and collisions but
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Fig. 6 Effects of mixing time on the sedimentation of travertine
suspension (a) coagulants (b) flocculants (¢) NMs (mixing speed:
200 rpm, settling time: 30 min and at optimum additive concentra-
tion)

not high enough to create shear forces and floc degrada-
tion. The ultimate mixing speed for NaAlO, was 150 rpm,
whereas turbidity removal efficiency for the other coagu-
lants increased up to 200 rpm (Fig. 8a). Higher mixing
speed was required for the coagulants to create homogene-
ity and to complete the chemical reaction. Optimum mix-
ing speeds for the flocculants were 120 rpm, although 99%
efficiency could be achieved at 45 rpm for anionic floccu-
lants (Fig. 8b). On the other hand, optimum mixing speeds
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for the minerals were much lower: 45 rpm for zeolite and
pumice, 60 rpm for sepiolite. Clay colloids in the suspen-
sion increase its viscosity and can change fluid properties,
depending on their particle surface area and charge. For
example, sepiolite can form viscous, stable suspensions
in water and other liquids, even at very low concentra-
tions, because of its fibrous structure (Irkec 1993; Mart
et al. 2001). Such sepiolite suspensions are non-New-
tonian fluids, and increased mixing speeds increase the
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stability of the suspension, which results in less efficient
sedimentation.

Effect of pH on Sedimentation

The suspension pH plays a significant role in coagulation
and flocculation because it changes the stability of the par-
ticles, and affects ionization, hydrolysis, and dispersion. An
acidic pH dissolves marble, therefore water to be used for
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marble processing should be neutral or alkaline. For eco-
nomical and environmental considerations, treatment at
neutral or weakly alkaline conditions is preferred so that
pH adjustment is not required for water reuse. Therefore
the effect of pH was studied for the 6.5-9 interval (Fig. 9).

Optimum sedimentation efficiencies were achieved at
the original pH of the suspension (7.5), and as alkalinity
increased, efficiency decreased (Fig. 9a). However, NaAlO,
was not affected by the pH since it is a high performance
alkaline coagulant with a high buffering capacity. Two
mechanisms can be attributed to coagulation of the travertine
powders: adsorption of the cationic metal-hydroxide prod-
ucts (Ersoy et al. 2009) and deposition of positively charged
colloidal precipitates, such as AI(OH); and Fe(OH);, onto
the negatively charged travertine powder. Charge neutrali-
zation by either mechanism eliminates the repulsive forces
between the particles (Ersoy et al. 2009). At low pH, posi-
tively charged hydroxide compounds can destabilize nega-
tively charged colloids easily by charge neutralization.
However, depending on the alkalinity and coagulant dos-
age, some of the hydroxide precipitates that form will be
negatively charged [e.g. AI(OH),~], which negatively affects
coagulation. This may explain the relatively low efficiency
at low pHs with alum and FeCl; (Fig. 9a). In an alkaline
medium, the sweep floc mechanism becomes effective as
metal hydroxides precipitate. Therefore, at pH values higher
than the original solution pH, higher coagulant dosage is
required to achieve the same efficiency as the sweep floc
mechanism becoming dominant.

The suspension pH can change charge characteristics
of the polymer chains and their conformation in solution,
thus directly affecting the flocculating power of the polymer
(Ersoy 2005; Sabah and Cengiz 2004). The highest floccu-
lation efficiency was obtained at the original pH while the
minimum flocculation efficiency occurred at pH 11 for all
of the polymers (Fig. 9b). This may be due to the stabiliza-
tion effect of OH™ ions at high pH on the negatively charged
travertine particles. As pH increased, the anionicity of the
macromolecules increased, and the surface of the particles
became more negatively charged; therefore, repulsion natu-
rally occurs. When NMs were used, the pH was not affected
(Fig. 9c).

Comparison of Turbidity Removals and Sludge
Properties

The suggested optimal treatment conditions and correspond-
ing properties of the treatment sludge are listed in Tables 3
and 4, together with achieved turbidity removal efficien-
cies. Two different efficiencies were reported in Table 3 for
each case. The first (additional efficiency) is the improve-
ment compared to the efficiency achieved without any dos-
age. This was calculated by using the 87-135 NTU as T,
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Fig. 9 Effects of initial pH on the sedimentation of travertine suspen-
sion (a) coagulants (b) flocculants (¢) NMs (dosages, mixing times,
mixing speeds and settling times were in optimized values)

in Eq. (1). The second one is overall turbidity removal effi-
ciency, which was calculated by taking the 570-880 NTU as
T,. The data indicate that wastewater turbidity was removed
at very high efficiencies for all cases, and additional effcien-
cies (improvements of the process by optimization of the
conditions) varied.
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Table 3 Comparison of optimized conditions

Material Dosage, mg/L Mixing time, s Settling Mixing pH Final turbid- Additional Overall
time, min  speed, rpm ity NTU efficiency, %* efficiency,
o

FeCl;.6H,0 20 120 25 200 7.5 18 86 97.8
PACI 10 120 25 200 7.5 29 77 96.5
Al,(SOy);-18H,0 20 90 25 200 7.5 34 73 95.9
NaAlO,.nH,0 300 120 25 150 7.5 37 65 95.6
40% HMW Anionic 2 120 10 45 7.5 4.2 97 99.3
40% HMW Cationic 2 120 10 120 7.5 4.5 96 99.4
Nonionic 8 120 10 120 7.5 13 85 97.7
Zeolite 6000 90 25 45 7.5 8 94 99.1
Sepiolite 6000 120 25 60 7.5 23 82 97.4
Pumice 3000 30 25 45 7.5 36 73 95.9
Bold values indicate the highest performances
#Additional efficiency (improvement) as compared to natural sedimentation without any dosage
®Overall turbidity removal efficiency
Table 4 Comparison O,f . Coagulant/Flocculant/NMs Sludge density  Sludge suspended Sludge Sludge settling
sludge properties at optimized (g/em’) solids (SS), (mg/L)  solids (%)  velocity (mm/
sedimentation conditions min)

FeCl;-6H,0 0.78 170.000 5.02 700

PACI 2.16 350.000 4.64 630

Al(SO,);-18H,0 1.78 460.000 3.84 420

NaAlO,-nH,0 2.16 530.000 4.64 660

40% HMW Anionic 1.89 190.000 4.08 900

40% HMW Cationic 1.3 190.000 2.81 860

Nonionic 2.64 920.000 2.89 840

Zeolite 1.58 430.000 3.44 730

Sepiolite 1.08 160.000 6.72 710

Pumice 0.34 60.000 3.77 420

Statistical analysis was performed to indicate whether
the efficiencies were significantly different, both within the
groups (coagulants, flocculants, and NMs) and between the
groups. One-way ANOVA (analysis of variance) indicated
that the treatment efficiencies were significantly different for
the coagulants and NMs. The calculated ANOVA F values of
samples were compared to standard F values (F, ¢ g gs=35.14)
found from standard tables of ANOVA (Fq,oy1anis=23-29
>F,600s=35.14 and F,;00s=5.53> F, ¢ g o5 =15.14). This
indicates that the type of coagulant or NM influenced treat-
ment efficiency. However, the efficiencies of the flocculants
were not significantly different (Foceyianes = 2-49 < F56.0.05
=5.14).

Moreover, ANOVA between the groups resulted in
smaller F values than the reference value for both overall
efficiency and additonal efficiency (Fyep,y=10.84 > F) 3 ¢ s

overal
=9.55 and Fygy0na = 11.38 > F 5995 =9.55). Therefore, it

@ Springer

can be concluded that the type of additive used significantly
affects turbidity removal performance. Hence, although all
the overall efficiencies in Table 3 were close to each other,
the type of coagulant/flocculant/NM significantly affected
performance.

The type of additive material also influenced the treat-
ment sludge properties. Higher SD, SS, and solids percent-
age are preferred so that the sludge can be handled and
processed more easily (Metcalf and Eddy 2003). A sludge
with higher settling velocity does not necessarily decrease
turbidity in the supernatant. In some suspensions, a clearer
supernatant can be obtained with slower settling (Ersoy
et al. 2009; Gregory 1989). Similarly, a distinct relationship
between SD and sludge solids percent cannot be described
from the data in Tables 3 and 4. A sludge with a higher solids
percentage may be less dense. Sludge SS is another impor-
tant sludge quality parameter. Each of these parameters was
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affected by both the physical properties of the sludge solids
and the chemical properties of the coagulant/flocculant used.
Among the coagulants, the sludge obtained with FeCl; had
the highest settling velocity and solids percentage, while
its density and SS were the lowest. Although the ultimate
supernatant turbidity obtained with NaAlO, was the highest,
the sludge obtained had the highest SS content because of
hydroxide precipitates.

The sludge obtained with anionic flocculant had the
highest settling velocity and solids percentage among the
flocculants (Table 4), mainly because of interparticle bridg-
ing. Cationic flocculants cause flocculation via electro-
static charge patching, which is less effective than bridging,
resulting in a lower solids percentage and density. Non-ionic
flocculants had a completely different effect. The highest
sludge SS (920,000 mg/L) and SD were due to high (8 mg/L)
dosages (Tables 3, 4). Due to its polymer chain structure,
interparticle bridging is more difficult (Cengiz et al. 2004),
which decreased turbidity removal efficiency. Despite the
low sludge solids percentage, zeolite produced the sludge
with higher SD, SS, and settling velocities. Among the three
groups of additives, the most effective were the 40% HMW
anionic and cationic flocculants, and the coagulant, FeCls,
with 99.4, 99.1, and 97.8% turbidity removal efficiencies,
respectively. The most effective NM was the zeolite, which
produced the best sludge. These findings indicated that floc-
culation with polymeric materials and NMs are better than
coagulants in terms of both turbidity removal and sludge
quality.

Conclusion

Suspended particles in travertine processing wastewater
were removed by coagulation and flocculation. The effec-
tivenesses of three types of additives (chemical coagulants,
polymeric flocculants, and NMs) were compared. The
highest sedimentation efficiency (99.4%, T.;=3NTU) was
achieved with 40% HMW anionic and cationic flocculants.
Among the coagulants, chloride-based coagulants (FeCl,
and PAC]) resulted in higher overall turbidity removal
(97.8% with T.+=18 NTU and 96.5% with T,;=29 NTU,
respectively). In the sedimentation tests with the NMs, the
highest performance was achieved with zeolite (99.1%,
T.+=8 NTU), followed by sepiolite (97.4%, T =23 NTU),
and pumice (96%, T.;=36NTU). These indicated that both
flocculation and coagulation were effective in the treatment
of such wastewaters. Sedimentation efficiency decreased
with longer mixing times. 10 min settling was sufficient for
flocculants to achieve ultimate efficiency, whereas 25 min
was required for coagulants and NMs. Higher mixing speed
was required for the coagulants to achieve homogeneity
and to complete the chemical reaction. Peak sedimentation

efficiencies were achieved at the original pH of the suspen-
sion (7.5). Turbidity of the suspension increased with pH
with the flocculants and coagulants, while no pH effect was
observed in sedimentation with the NMs.

The contribution of each coagulation/flocculation mech-
anism to the overall process efficiency and sludge quality
differed, depending on the water quality and additive used.
A distinct relationship between SD and sludge solids per-
centage could not be defined. The most effective additives
of each of the three groups were FeCl,, the 40% HMW ani-
onic flocculant, and the zeolite. Better settleability, dewa-
terability, and higher solids content of the resultant treat-
ment sludge were obtained with zeolite. Flocculation with
polymeric materials and NMs are more favourable than
coagulants in terms of both turbidity removal and sludge
quality. Zeolite, sepiolite, and pumice performances were
comparable to successful chemical coagulants and floccu-
lants. By using such NMs, a non-chemical sludge containing
the marble particles was obtained. An investigation of the
potential of this non-chemical treatment sludge as an indus-
trial feedstock is recommended.
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