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Abstract

Coagulants play an important role in the treatment of water and wastewater and in the treatment and
disposal of sludge. Aluminum sulfate, alum, is the common chemical coagulant used in the coagulation
process. Recently polymers have been utilized in coagulation/flocculation processes for water purification.
In this study, a natural indigenous coagulant is suggested as a substitute for alum or as an aid for alum. The
coagulant characteristics of the tannins obtained from valonia were examined and whether or not tannins
could be used as a primary coagulant and a coagulant aid was determined. Jar tests were done with a
synthetic water prepared with varying pH and turbidity. It was found that the best slow stirring velocity
and flocculation time were 45 rpm and 30 min, respectively. It was also found that tannins operated much
better as a coagulant aid than as a primary coagulant. Tannin as a coagulant aid was more effective than
synthetic anionic polyelectrolyte (AN913). At the optimum conditions with tannin, the turbidity decreased
from 10 and 20 to <0.02 and 0.9 FTU (formazin turbidity units), respectively.
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Introduction

Tannins are high molecular weight polycyclic aro-
matic compounds widely distributed through the
plant kingdom. Tannins can be classified into two
groups (Haslam, 1989), the proanthocyanidins (or
condensed tannins) and the polyesters of gallic acid
and (or) hexahydroxydiphenic acid (hydrolyzable
tannins, respectively, gallo- and ellagitannins). The
co-occurrence of both kinds of tannins in the same
plant or plant tissue is often observed. Tannins are
found in the leaves, fruits, barks, roots and wood of
trees (Scalbert et al., 1989).

They are particularly important as raw material
to tan hides, in oil-well drilling, production of ad-
hesives (Aydmn et al., 1990), dyeing, pharmaceuti-
cal industries, corrosion inhibitors (Gust and Wawer,
1992), and for several other industrial uses.

Polymers have been utilized in coagula-
tion/flocculation processes for water purification for

more than three decades. Organic polymers may
be used as primary coagulants as well as in the
more traditional flocculation step of binding already
formed small flocs into larger particles in drinking
water treatment. Coagulation with organic polymers
followed by sedimentation can clean up industrial ef-
fluent when the flocs formed are dense enough. A
major use of organic polymers in water treatment
is as a coagulant aid to bridge the coagulated parti-
cles formed when aluminum or iron salts have been
used as the primary coagulant. The large aggregates
formed then settle more rapidly (Bolto, 1995).

The main advantages of natural polyelectrolytes
are ready acceptance on health grounds and ease
of biodegradation. Tannins have already received
attention. Of historical interest is the purification
of drinking water with macerated seeds from the
horseradish tree, while recently the enhanced extrac-
tion of algae from ponds with crushed red sorella
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seeds has been reported (Bolto, 1995).

Complex polysaccharide tannin derivatives have
been used extensively in potable water, wastewa-
ter and industrial effluent treatment applications
(Bratby, 1980). The reaction of tannin with
formaldehyde and aminoethanol produces a weakly,
basic polymer that is more effective than alum in
removing turbidity and especially color from river
water (Bolto, 1995). In addition tannin helps the
filtration process. Ozacar and Sengil (2000) studied
the effect of tannin on filterability of sludge formed in
the coagulation process and showed that the formed
sludge could be filtered more easily when tannin was
used as a coagulant aid. The various studies that
have been conducted on water treatment using the
tannins as a coagulant have revealed that the effec-
tiveness of tannins depends mainly on the chemi-
cal structure of tannins that have been extracted
from thet plant and the degree of tannin modifica-
tion (Steiner, 1989; Pulkkinen and Mikkohen, 1992
(a) and (b); Ozacar, 1997).

In this study, the use of tannin as primary co-
agulant and coagulant aid in water treatment has
been investigated. The results are compared to alum
and a synthetic anionic polyelectrolyte (AN913).
The natural coagulant (tannin) was extracted from
acorns (valonia).

Materials and Methods

Valonia is obtained from the corn cup of the oak
which grows in Asia Minor. The tannin content of
valonia is about 35%. Turkish oak is a source of val-
onia which grows in 260,000 hectare areas in Turkey,
where there are two factories having extraction units
producing tannin from valonia. Their capacities are
about 5000 tons/year (Aydin et al., 1990).

Tannin used in this study was obtained from
Stimer Holding A.§. — Tiirkiye. In this factor tannins
extracted from valonia using hot water. The tannin
content of valonia extracted in this study was deter-
mined to be 53.50% hydrolyzable tannins according
to the Vanilin-test (Broadhurst and Jones, 1978), the
Prussian Blue-test (Price and Butler, 1977) and the
1,10-Phenanthroline-test (Lau et al., 1989; Ozacar
and Sengil, 1997).

Tannin solutions were prepared with a concen-
tration of 1 mg tannin/mL and then solutions with
a concentration of 0.01 and 0.1 mg tannin/mL were
prepared by dilution with distilled water. The solu-
tions were prepared daily. Since tannin is a natural
anionic polyelectrolyte, a synthetic anionic polyelec-
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trolyte was chosen to compare with the results ob-
tained from the experiments with tannin. For this
purpose, pre-experiments were done using AN905,
AN912, AN913, AN934 and AN945. These showed
that (AN913) (SNF Floerger, France) was the best
anionic polyelectrolyte as a coagulant aid. AN913
solutions were prepared with a concentration of 1.0
mg AN913/mL and then solutions with a concentra-
tion of 0.1 mg AN913/mL were prepared by dilution
with distilled water.

The jar tests were conducted in a system con-
taining six paddles. In all these experiments before
the best slow stirring velocity and time were deter-
mined, the velocity gradient, G, value for flash mix-
ing was 566 s~! and for coagulation 12 s~!. The
experiments were run by using synthetic water hav-
ing different pH and turbidity values. The mineral
composition of the water used to simulate the raw
water is presented in Table 1. Turbidity values were
adjusted with clay and pH was adjusted with 0.1 M
HCl and 0.1 M NaOH. Al3(SOy4)3.18H20 (Merck)
solution with a concentration of 1 mg A3 /mL was
used in the jar test.

After the coagulants were added to the jars, rapid
mixing was done for 1 min at 200 rpm and slow stir-
ring for 15 min at 15 rpm. Fifteen minutes were
allowed for the settling of the flocs. The turbidity
of the supernatant, sampled from a 3 cm depth, was
measured by using a Turbidimeter. The sensitivity
of the instrument permits the detection of turbidity
as low as 0.02 FTU (formazin turbidity units).

Results and Discussion

Tannin as a primary coagulant

The jar test experiments with Aly(SOy4)3, tannin
and AN913, using synthetic water with turbidities
of 10, 20, 50, 100, 200 and 300 FTU, and for each
turbidity value with pH values of 6, 7, 8, 9, 10 and
11 respectively, were run. The results obtained are
shown in Figures 1 and 2. It is seen from Figure 1
that the optimum pH is 7 for 10-100 FTU turbidities
and it is 8 for 200 and 300 FTU turbidities. It was
found that the optimum Al** doses at the optimum
pH were 2, 2 and 3 mg A3t /L for 10, 20 and 50 FTU
turbidities respectively, and it was 5 mg A1** /L for
100, 200 and 300 FTU turbidities (Figure 2). The
efficiencies of the turbidity removal with Aly(SOy4)s
were found to be 96%, 97%, 98%, 98.5%, 99% and
98.3% for 10, 20, 50, 100, 200 and 300 FTU turbidi-
ties, respectively.
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Figure 1. Effect of pH on turbidity removal B Al** (dose: 3 mg/L), e Tannin (dose: 0.1 mg/L), ¢ AN913 (dose:

0.1 mg/L)

As can be seen from Figure 1, tannin is only ef-
fective at pH 11. At this pH value, it is only possible
to prepare synthetic water which 10 and 20 FTU
turbidities. At pH 11, higher turbidities were not
experimented on because of the difficulty of prepar-
ing stable suspensions. This is in agreement with the
findings of Nozaki et al. (1993), who used the cactus
as a natural polyelectrolyte in the cleaning of tan-
nery waste. Finally, it is interesting to note that at

low pH values (below pH 11), with tannin as a pri-
mary coagulant, the phenomenon of restabilization
was clearly observed from Figure 1. It was found in
the studies on the removal of turbidity using tannin,
that the optimum tannin dose was 0.03 mg tannin/L,
in which the optimum pH was 11 for 10 and 20 FTU
turbidities (Figure 2). It was also found that the
efficiencies of turbidity removal using tannin at the
optimum conditions were 63% and 80.5% for
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Table 1. The mineral composition of the tap water used to simulate raw water

Cations Concentrations (mg/L) Anions Concentrations (mg/L)

Ca’t 41.6 HCO3 125.73

Mg?+ 6.72 Cl- 8.66

Fe?+ 0.097 SO~ 3.45

NH] 0.012 NO; 0.946

Pb%+ 0.072 NO; < 0.05

Cu®t 0.155 F- < 0.1

Ni*t 0.128 CN~ 0.004

Zn2* 0.865 PO;~ 0.015

Cd** < 0.02 Phenol 0.525

A3+ _

Total hardness: 132 mg/L CaCOs3 | Total alkalinity: 101 mg/L CaCOg3
pH: 7.3 ; Colour: - ; Turbidity : -

10 and 20 FTU turbidities, respectively. Since both
the optimum pH is as high as 11 and the efficiencies
are lower than when alum is used in the turbidity
removal from synthetic water, the use of tannin in
water treatment as a primary coagulant is hardly
ever preferred.

Examining Figure 1, it is seen that AN913 is ef-
fective at pH 10 only. The turbidity removal effi-
ciencies with AN913 as a primary coagulant were
55%, 66%, 80%, 86% 91.5% and 86.7% for 10, 20,
50, 100, 200 and 300 FTU turbidities, respectively
(Figure 2). It can be seen from Figure 2 that the
coagulation power of AN913 is somewhat lower than
that of alum for the two turbidity values of 10 and
20 FTU. AN913 could not be more effective at 10
and 20 FTU turbidities. This is in agreement with
the literature. Synthetic organic polymers, whether
cationic, anionic, or nonionic may not be effective
coagulants for low turbidity waters, that is, waters
containing low concentrations of colloidal particles.
This is probably due to the low rate of interparticle
contacts in such systems, although other phenom-
ena may be involved (O’Melia, 1972). It can be con-
cluded that AN913 performed better as a primary
coagulant at turbidity levels about or higher than 50
FTU. However, the turbidity removal efficiencies of
AN913 were found to be lower than those with alum.

Effect of mixing velocity on residual turbidity

The growth of floc is accomplished by gentle stir-
ring. For this purpose, jar test experiments, with dif-
ferent mixing velocities during the flocculation pro-
cess, were done at 10 and 20 FTU turbidities, at
the effective pH values and the optimum doses of
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Al5(SOy4)s, tannin and AN913. The mixing velocity
was varied from 15 to 90 rpm to obtain its optimum
value where the residual turbidity was at a minimum.
The results obtained are shown in Figure 3.

As can be seen from Figure 3, the optimum mix-
ing velocity for the three coagulants is 45 rpm, which
is equivalent to a G value of 60 s~!. This result is
comparable with the recommended G values in the
literature, which are 20-70 s~! for low-turbidity and
50-150 s~! for high-turbidity (Cornwell and Bishop,
1981). The results in Figure 3 show an optimum floc-
culation intensity of 45 rpm, above which floc break
up was observed for alum and tannin. The break
up of flocs at higher rpm may be due to the sur-
face erosion of flocs by turbulent drag or by bulgy
deformation and floc splitting.

Effect of flocculation time on residual turbid-
ity

The effect of flocculation time on residual tur-
bidity was studied by varying the flocculation time
from 10 to 60 min, at optimum pH, does and mixing
velocity, for 10 and 20 FTU turbidities. The results
obtained are shown in Figure 4.

As can be seen from Figure 4, the optimum mix-
ing time for the three coagulants is 30 min. The
figure shows an increase in residual turbidity with
flocculation times. This could be due to the redis-
persion and restabilization of flocs at higher floccu-
lation time. The results found are in agreement with
the literature where Nozaki et al. (1993) and Sengil
(1995) had shown that better results are obtained at
a 30-min mixing time.
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Figure 2. The comparison of three coagulants in removing turbidity B A1®" (pH = 7 for 10-100 FTU and 8 for
200-300 FTU), e Tannin (pH = 11), ¢ AN913 (pH = 10)

Tannin as a coagulant aid

After the Aly(SO4)s was added to the jars, a
rapid mix was done for 1 min at 200 rpm, and coagu-
lant aids (tannin and AN913) were added to the jars,
and then slow stirring for 30 min at 45 rpm was per-
formed. Half of the doses of the optimum Aly(SOy4)s

concentrations at optimum pH value in these stud-
ies in which Al3(SO4)5 was used alone, and certain
quantities of tannin as a coagulant aid were used to
determine the optimum coagulant aid doses. The re-
sults obtained for the optimum doses of Aly(SOy4)s
and coagulant aid (tannin) are given in Table 2.
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Turbidity = 10 FTU

Residual turbidity (FTU)

0 10 20 30 40 50 60

Mixing time (min)

20

1% Turbidity = 20 FTU

12+

Residual turbidity (FTU)

0 10 20 30 40 50 60

Mixing time (min)

Figure 4. The effect of flocculation time on turbidity removal B Al**, e Tannin, ¢ AN913

The same experiments were rerun with AN913 as
a coagulant aid to compare with the results obtained
from experiments done with tannin as the aid. The
results obtained are given in Table 2.

As can be seen from Table 2, the best results in
terms of residual turbidity were obtained from the
experiment using tannin as a coagulant aid. When
tannin and AN913 are compared with respect to
residual turbidity, it is seen that although AN913
precipitates, through forming dense flocs while stir-
ring, the supernatant has a high residual turbidity.
This situation occurs because the flocs formed by
AN913 precipitate in a short time and the AN913
contact time in the dispersed medium is not long
enough resulting in more residual turbidity. In the
experiments with tannin, the turbidity decreased
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from 10 and 20 to <0.02 and 0.9 FTU, respectively,
while in the experiments with AN913 it decreased
from 10 and 20 to 2.4 and 10.3 FTU, respectively, at
their optimum doses.

The effectiveness of tannin for removal of turbid-
ity is due to the aluminum-tannin-clay particle com-
plexes formed. At the pH of flocculation, complex-
ing occurs between the soluble aluminum ions and
the acidic functional groups of the tannin (predomi-
nantly carboxyl, but also some phenolic) that link it
together. The reaction of tannin with a monomeric
or polymeric Al(IIT) hydroxo species is kinetically
faster than the precipitation of aluminum hydroxide
(Rebhun and Lurie, 1993). Cationic aluminum inter-
acts electrostatically with anionic tannin to form in-
soluble charge-neutral products (Gregor et al., 1997).
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Table 2. The effect of Tannin and AN913 as coagulant aids on turbidity removal

Residual turbidity (FTU)
Initial turbidity | pH Als (SOy4)3 Tannin added (mg/L)

(FTU) as (mg APT/L) | 0.03 | 0.05 | 0.10 | 0.50 | L.00 | 2.00
10 7.0 1.0 <0.02 | <0.02 | <0.02 | <0.02 | <0.02 | <0.02
20 7.0 1.0 0.9 0.9 0.9 0.3 0.3 <0.02

Residual turbidity (FTU)
AN913 added (mg/L)
0.05 0.10 0.20 0.30 0.50 0.75
10 7.0 1.0 2.4 2.4 2.9 3.8 5.3 2.1
20 7.0 1.0 10.3 11.8 10.6 9.7 9.7 9.7
Residual turbidity (FTU)
Al5(SO4)3 added (mg/L)
0.50 1.00 2.00 3.00 5.00 10.00
10 7.0 9.0 7.0 0.4 0.4 0.4 0.4
20 7.0 16.0 10.0 0.6 0.6 0.5 0.5

Table 3. The economic comparison of the Al2(SO4)3 and coagulant aids

: 3
A(l);()ggl 11)1;1 d%sjnglgir/l 10%?* 7 Price of coagulation ($/1000m?)
2000 0.308
1000 30 0.178
1000 50 0.282
Al5(SOy4)3: 0.154 $/Kg Tannin: 0.795 $/Kg AN913: 2.553 $/Kg

There is a competition in the reaction with the
coagulant between the soluble organic natural an-
ionic macromolecule (tannin) and the mineral clay
particles in suspension. The cationic coagulant re-
acts preferentially with the tannin (Narkis and Reb-
hun, 1997). The aluminum-tannin complex forma-
tion proceeds first, and the resulting products serve
as bridging precipitates for the agglomeration of clay
particles with the effect of charge neutralization of
the clay (Tambo and Kamei, 1998).

Table 2 shows the remarkable effectiveness of us-
ing tannin as a coagulant aid in reducing the doses of
the primary coagulant. This is in line with reported
literature on coagulant aids whose main function is
to reduce the doses of the primary coagulant (Al-
Samawi and Shokralla, 1996). Tannin as a coagulant
aid is quite efficient in reducing turbidity from raw
waters, and also in sludge conditioning (Ozacar and
Sengil, 2000).

A cost analysis of Ala(SO4)3 , Alx(SOy4)s3 + tan-
nin and Alx(SO4)3 + AN913 for a coagulation pro-
cess are given in Table 3. As can be seen from Table
3, if tannin is used as a coagulant aid, the coagula-
tion process will be cheaper than Aly(SO4)3 by 42%

and Aly(SO4)3 + ANO913 by 37%. If AN913 is used
as a coagulant aid, it will be cheaper than Aly(SOy4)3
by 8.5%. So tannin usage in a coagulation process
has an economic advantage.

Coagulation-flocculation followed by sedimenta-
tion, filtration and disinfection, often with chlorine is
used worldwide in the water treatment industry be-
fore the distribution of treated water to consumers.
Aluminum salts are by far the most widely used co-
agulants in water and wastewater treatment (Bratby,
1980). However, recent studies have pointed out
several serious drawbacks of using aluminum salts,
such as Alzheimer’s disease and similar health re-
lated problems associated with residual aluminum in
treated waters (Ndabigengesere and Narasiah, 1998).

Ferric salts and synthetic polymers have also been
used as coagulants but with limited success, because
of the same disadvantages as in the case of alu-
minum salts (Bratby, 1980). Therefore, it is desir-
able that other cost effective and more environmen-
tally acceptable alternative coagulants be developed
to supplement if not replace alum, ferric salts, and
synthetic polymers (Ndabigengesere and Narasiah,
1998).
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Trihalomethanes (THMs) may have carcinogenic
and mutagenic properties, and concerns over human
exposure prompted the US Environmental Protec-
tion Acency (USEPA) to place an upper limit of
0.1 mg/L on the mean of four quarterly measure-
ments for total THM levels in finished drinking wa-
ter. In the studies using tannin as a coagulant aid,
the optimum tannin dose was found to be 0.03 mg/L.
On the basis of the complex formation model be-
tween natural organic matter (NOM) and AI** ions
which was suggested by Gregor et al. (1997), dur-
ing the complex formation between tannin and Al3+
ions, three tannin molecules bind to each Al** jon.
Initial tannin dose (0.03 mg/L) used in the experi-
ments is almost used up or decreases below the 0.1
mg/L limit value, because of its complex forming
with A1**. Thus, the tannin doses used do not lead
to concentrations exceeding the limit set for THMs.

Conclusions

The following conclusions concerning the use of tan-
nins as a primary coagulant and coagulant aid in
water treatment were drawn:

1. The use of tannins as a primary coagulant

could be a beneficial substitute for alum at high pH
values, such as 11.

2. Required dose of tannin for the 10 and 20 FTU
turbidity values were found to be generally much
lower than those of alum and AN913.

3. Restabilization phenomenon was observed for
all turbidity levels and pH values below pH=11 for
tannins as a primary coagulant.

4. The use of AN913 as a primary coagulant
could be at high turbidity levels (especially at a tur-
bidity level of 50 FTU and above).

5. The optimum mixing velocity and flocculation
time were found to be 45 rpm and 30 min, respec-
tively.

6. The effectiveness of tannin as a coagulant aid

was demonstrated by its power in reducing turbidity
levels down to <0.02 FTU.

7. Comparing results obtained with tannins as a
coagulant and as a coagulant aid, it was clear that
tannins operated much better as a coagulant aid than
as a primary coagulant. Furthermore it reduced the
amount of required alum significantly. It was found
that tannin could be used as a coagulant aid in water
treatment.
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