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ABSTRACT

Paint manufacturing wastewaters (PMW) contain highly toxic and organic biorefractory
compounds and have adverse effects on human health. Jar-test experiments are conducted
in order to assess the efficiency of natural and synthetic coagulants on the treatment of
PMW. For this purpose a tannin-based polymer (TBP), iron chloride (FeCls), and aluminum
sulfate (Al,(SO4)3) have been used. The results indicate that TBP is more effective than coag-
ulant salts. Coagulation—flocculation involving TBP does not require any pH adjustment
either on raw or on treated wastewater. TBP achieves more than 87% of COD and 99% of
color removal and produces less volume of decanted sludge than metal salts. The ranking
of the efficiency of coagulant agents is as follows: TBP > FeCl; > Al,(SO,4);. TBP as a natural
coagulant can be a potential substitute for synthetic products on paint manufacturing
wastewater treatment.
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1. Introduction operating, and maintaining proper water or wastewa-
ter treatment systems due to high fixed costs, espe-
cially in the case of rural areas [1].

Industrial wastewater treatment involves many
different techniques such as biodegradation, adsorp-
tion, membrane filtration, coagulation—flocculation,
advanced oxidation processes, etc. [2-6]. Coagulation—
flocculation has always attracted considerable attention
as a simple and relatively cost-effective point-of-use
technology [7] and for allowing high pollutant removal

Wastewaters of paint manufacturing companies
contain highly toxic and organic biorefractory com-
pounds. They harm fish, wildlife, and contaminate the
food chain if poured down a storm drain. These detri-
mental effects are more apparent and observable in
developing countries due to their less stringent envi-
ronmental regulations and difficulty in constructing,
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efficiency in wastewater treatment. Its application
includes addition of conventional chemical-based
coagulants, namely alum (AICl;), iron chloride (FeCls),
and polyaluminum chloride (PAC). While the effec-
tiveness of these chemicals as coagulants is well recog-
nized, there are, nonetheless, disadvantages associated
with usage of these coagulants such as ineffectiveness
in low-temperature water [8], detrimental effects on
human health, and production of large sludge vol-
umes. It is therefore desirable to replace these chemical
coagulants with natural-based agents to counteract the
aforementioned drawbacks. Although many plant-
based coagulants have been reported, only four types
are generally well known within the scientific commu-
nity, namely, nirmali seeds (Strychnos potatorum) [9],
Moringa oleifera [10], cactus [11], and tannin [12].

Lab-scale experiments have demonstrated that it is
possible to synthesize tannin-derived coagulant from
several tannin feed stocks through a very simple
procedure that involves Mannich base reaction. How-
ever, the chemical complexity of tannins, and the fact
that they are usually taken from natural matrix with-
out a very thorough purification, make knowing their
structure a very difficult task. Tannins undergo Man-
nich aminomethylation by reacting with an aldehyde
and an amine [13]. The resulting tannin Mannich poly-
mer possesses a higher molecular weight due to
formaldehyde and Mannich base cross linking, and
also possesses ampholytic character due to the pres-
ence of both cationic amines and anionic phenols on
the polymer.

The production process of this tannin-based poly-
mer (TBP) is not completely known, but by following
the rules of Mannich reactions, one can make an
approach of its synthesis. In the case of diethanola-
mine (DEA), formaldehyde and the tannin extract
mixture, the coagulant chemical formula may corre-
spond to tannin —-[CH,~NH-(CH,-CH,OH),]n and its
probable expanded chemical structure is shown in
Fig. 1 [7].

The purpose of this study is to assess the efficiency
of natural and synthetic coagulant agents on the coag-
ulation—flocculation process applied to paint wastewa-

Fig. 1. Probable chemical structure of TBP [7].
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ter. The coagulants used are TBP, iron chloride, and
aluminum sulfate. This data provides new information
about the role of natural polymeric coagulants in the
industrial wastewater treatment operations, especially
colored effluents.

2. Materials and methods
2.1. Paint wastewater source

The paint manufacturing wastewaters (PMW) are
collected from the discharges of an aqueous emulsion
paint manufacturing company in Casablanca city
(Morocco). The samples are collected from equaliza-
tion tank effluent. After in-site pH, conductivity, and
turbidity measurements, the samples are transferred
to the laboratory.

2.2. Coagulation—flocculation process

TBP is a natural organic polymer extracted from
vegetable material. TBP has a viscosity between 10
and 50 cps and a density of 1.1 g cm ™ at 20°C.

Iron chloride (FeCl;) and aluminum sulfate
(Al(SO4)3-18H,0) used in this study are supplied by
SIGMA.

Jar-test experiments are conducted under con-
trolled laboratory conditions using a standard jar-test
apparatus. Four equal-volume polyethylene beakers
are used to examine the four different dosages of
coagulant in each run. The sample bottles are thor-
oughly shaken for resuspension of possibly settling
solids, and then the appropriate volumes of sample
are transferred to the corresponding jar-test beakers.
The optimum coagulant was determined on the basis
of color and chemical oxygen demand (COD) removal
and the amount of decanted sludge. For each test,
1,000 ml of PMW were taken in a 1,000 ml working
volume beaker and, after addition of coagulant, mixed
for 5min at 150 rpm to ensure complete dispersion.
After rapid mixing, the slow mixing stage takes place
for 15 min at 30 rpm. Finally, the beaker contents are
transferred into Imhoff cones for a one-hour settling
step. Thereafter, the volume of decanted sludge was
determined, and the supernatant was carefully
withdrawn for subsequent measurements of COD and
color.

2.3. Analytical procedures

To assess the efficiency of coagulants on PMW
treatment, the following parameters are considered:
COD, color, and the amount of sludge.
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2.3.1. Chemical oxygen demand

COD and other physical-chemical parameters for
wastewater  characterization —measurement were
performed according to standardized methods [14].

2.3.2. Color measurement

Prior to color measurement, the sample was fil-
tered through a membrane filter (0.45 um) to prevent
turbidity. Color measurements are carried out with a
spectrophotometer. Since the wastewater contains dif-
ferent kinds of pigments (depending on the produc-
tion), the traditional method of applying the
maximum absorbance is not used.

Color content is determined using an UV-visible
spectrophotometer (Model 7800 UV-vis spectropho-
tometer) by measuring the absorbance at three wave-
lengths (436, 540, and 660 nm), and taking the sum of
these absorbencies [15].

2.3.3. Amount of sludge

Once the experiment has been performed in the jar
test, the beaker contents are transferred to special
graduated conical containers (1 L Imhoff cones). After
1 h of settling, the sludge production is determined by
direct reading as ml of sludge/L of wastewater
treated.

3. Results and discussion
3.1. Wastewater characteristics

The paint wastewater is characterized by including
substantial organic matter, high salinity, sulfate rich,
and high suspended solid (Table 1). BOD/COD index
[16] indicates that a biological treatment seems to be
difficult, and thus a physicochemical process is
required. The coagulation—flocculation process using
iron chloride, aluminum sulfate, and TBP are used in
the treatment of this effluent. Treatment efficiency is
evaluated in terms of pollutant removal (COD and
color) as well as in terms of sludge production.

3.2. Initial and final pH of coagulation
3.2.1. Effect of coagulation pH

The pH solution is an important factor in the coag-
ulation process, and the use of a coagulant at its opti-
mum pH displays maximum pollutant removal.
Chemical speciation of the coagulant, the surface
charge of colloid and sometimes the charge of soluble
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Table 1
Characteristics of paint wastewater

Min Max Average
pH 6.7 7.8 7.4
Conductivity (ms cm™) 21 2.7 2.3
Turbidity (NTU) 452.0 3,020.0 1,178.7
Suspended matters (mg 'Y 16550 13,3500 8,701.6
Chloride (mg I 177.7 355.0 266.3
Sulfate (mg ) 735.0 5,768.9 2,414.0
Total phosphorus (mg ) 14 16.1 7.5
TKN (mg ) 50.0 490.3 197.7
COD (mg ™ 4,438.0 25,106.0 14,670.8
BOD (mg 1™ 960.0  1,968.0 14652
BOD/COD 0.04 0.2 0.1

molecule depends on pH. To optimize the coagulation
pH, a known volume of prepared coagulant solution
is added to a jar containing 11 of wastewater at differ-
ent pH values adjusted with concentrated H,SO4 and
NaOH. The effect of coagulation pH on the COD
removal from jar tests for coagulation of PMW using
400 mg 1" of the coagulant and an initial COD of
6,400 mg 1! is shown in Fig. 2. COD removal rate
decreases from 75 to 85% at coagulation pH 4-9 to 10—
66% at coagulation pH 9-12 wusing FeCl; and
Al(SO,);. However, there is not much change
observed in the COD removal rate for TBP, 67-69% at
pH; 4-12. Initial pH significantly affects iron and alum
efficiency on COD removal;, the best results are
obtained in the acidic pH range. In the coagulation
process, pH affects the surface charge of coagulant
and also the stability of the suspension. Usually, salt
coagulants charged positively tend to undergo a
decrease in their cationic form at basic pH levels, and
then electrostatic attraction between the cationic chains
and the negatively charged pollutants becomes weak.
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Fig. 2. Effect of coagulation pH on COD removal

(coagulant = 400 mg 17").
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It can be noticed that coagulation pH does not
significantly affect TBP efficiency on COD removal
(Fig. 2). Consequently, the process implicating TBP
does not require coagulation pH adjustment. This non
dependence on pH is an advantage in the coagula-
tion—flocculation process.

3.2.2. Effect of coagulants on treated wastewater pH

pH of treated water is considered in this work as it
may affect the economic feasibility of the proposed
method. Fig. 3 depicts the effects of coagulant agents
on treated wastewater pH. With iron and aluminum
salts, the pH value decreases from 7 to 3.5 at
0-1,200 mg 1"! coagulant dosage. At optimum dosages
of FeCl; and Al (SO,);, the treated wastewater pH val-
ues are 5 and 4, respectively. The acidity of these two
metallic ions (Lewis acid) explains this modification of
pH. However, the use of TBP does not significantly
affect pH of treated wastewater; pH value varies from
7 to 7.3 (Fig. 3). This pH range represents an optimal
pH for water discharge or for a subsequent biological
treatment.

It can be concluded that the process involving TBP
does not require any pH adjustment, either on raw or
on treated wastewater, as it is in coagulation—floccula-
tion processes implicating alum or ferric salts. This is
an advantage since the process efficiency is not pH
dependent. In addition to financial gain, manipulation
of TBP, as a natural agent, is much easier than
classical coagulants.

3.3. Pollutant removal

The study of the effects of coagulant dosage on the
COD and color removal has been undertaken by

)] m/ﬁ/ﬁ\ﬁ/ﬁr\ﬁ-ﬁ/ﬁr
e - ——TBP
£ A —A—AL(SO)
o 6 1 \ﬁ\ o FeQCIS -
© A\
= A
3 51 ~a
5 —t
G 4 m]
I o
% \D

34

0 200 400 600 800 1000 1200

coagulant agent (mg/l)

Fig. 3. Effect of coagulant agents on treated wastewater
pH.
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varying the amount of the coagulant in wastewaters,
while keeping coagulation pH constant at its optimum
value for each coagulant. For an initial COD of
6,400 mg 1!, it is evident that for the quantitative
removal of 81, 82, and 87% of COD, under experimen-
tal conditions of the coagulation test, the minimum
concentrations of 800, 500, and 600 mg 1! of Al>(SOy)3,
FeCl;, and TBP are required, respectively (Fig. 4). Fur-
ther increase in the coagulant dosage does not gener-
ate better removal rate. The coagulant dosage should
be proportional to the quantity of colloids present. As
seen in Fig. 4, a further increase in FeCl; concentration
of more than 900 mg 1™ causes the restabilization of
particles as the charge reversal on the colloids occurs
[17]. However, the phenomenon is not observed with
Aly(SOy4)3, at least at coagulant doses less than
1,200 mg 1™'; a better sweep coagulation with alum
hydroxides due to greater interactions with macro-
molecules in the solution may explain this stability. In
the same manner, the molecular weights of tannin are
important and chemical flocculation is linked to a
sweep coagulation mechanism.

Color and COD removal, as well as sludge produc-
tion, corresponding to optimal doses of coagulants are
shown in Table 2. Clearly, the process removes more
color than COD, 81-87% of COD and 89-99% of color
is removed. As the COD is linked to particular and
soluble fractions, the difference in percentage removal
between color and COD may be explained by the fact
that in the soluble COD fraction, only some macro-
molecules are integrated in the flocculation process by
sorption into the floc structure. However, color
removal is mainly attributed to flocculated decoloriza-
tion process. Through energetic and hydrophobic
interactions, the molecules producing color, colloidal
metallic hydroxides or organic compounds, intensively
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Fig. 4. Effect of coagulant dosage on COD removal.
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Table 2
Pollutant removal and sludge production at optimal doses
of coagulant agents

Coagulant agent COD (%)  Color (%) Sludge (ml1™)
TBP 87 99 116
FeCl; 82 89 172
Aly(SOy)518H,O 81 89 220

bind with the flocculant [18], leading finally to color
removal.

As seen in Table 2, TBP displays the maximum
color and COD removal, 99% of color and 87% of
COD are removed. The fact that this natural coagulant
is more efficient than classical coagulants may be due
to its ability to contribute to the three-dimensional net-
work as a cross-linking agent. While iron chloride and
aluminum sulfate are able to destabilize colloidal
materials only by a coagulation mechanism, the
biopolymer of TBP is involved in a second mechanism
of flocculation [19,20].

The amine groups attached to the first and the last
aromatic rings (-CH,-NH—~(CH,-CH,OH),), the oxy-
gen atoms in the middle and the two N-H bonds, pro-
vide the polar propriety to this natural coagulant
molecule (Fig. 1). Anionic colloid particles can then
react with the coagulant’s positively charged nitrogen
atom to form a more complex molecule, and subse-
quently the colloidal structure is destabilized and if
the size is large enough, settling operates [21]. Follow-
ing this initial stage of floc formation, free-active cen-
ters on the floc surface can appear because of the
large structure of the natural coagulant. The adsorp-
tion process occurs via electrostatic attraction between
suspended colloids and the floc surface. The flocs
begin to grow, and colloids removal increases [22].

3.4. Sludge production

One aspect to be considered for the choice of a
coagulant, in addition to pollutant removal, is how
much sludge it will produce. In the solid-liquid sepa-
ration, sludge dewatering has been pointed out as one
of the most expensive processes.

As is shown in Table 2, TBP produces less volume
of decanted sludge compared to metal salts. However,
the sludge produced using Al(SO4); is voluminous,
resulting in an important sludge layer compared to
the results obtained with TBP. At their optimum
doses, TBP, iron, and alum produce 116, 172, and
220 ml17" of sludge, respectively. It appears that TBP
has the highest dewatering efficiency of sludge than
classical coagulants; it produced two times less sludge
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than alum. The use of FeCl; and Al,(SO,); introduces
an increase in the solid mass with hydroxide precipi-
tation. However, when TBP was used, only initial sus-
pended particles are agglomerated into larger and
settleable flocs, but no additional precipitate is formed.
Renault et al. [23] reported that organic polymeric
compounds are advantageous over inorganic materi-
als. The former possess several novel characteristics
such as their ability to produce large, dense, compact
flocs that are stronger, and have good settling charac-
teristics.

In order to compare the results obtained with TBP
and metal salts, we consider the ratios between the
volume of sludge produced and the percentage of
COD and color removal. These ratios have been esti-
mated by taking into account the performances of the
removal of organic and coloring matters (Fig. 5). The
results indicate that the ratios obtained using TBP are
markedly less than those obtained when the metal
salts are used. The biopolymer produces the least
amount of sludge for a given amount of COD and
color removed in the treatment of this effluent. On the
other hand, iron chloride produces a lower rate of
sludge for the same amount of COD and color
removal than aluminum sulfate.

The handling treatment and removal of the sludge
generated in the coagulation—flocculation process are
important aspects to consider when choosing the pro-
duct to be used as coagulant. Considering the results
obtained if a small amount of sludge is to be treated,
the most suitable coagulant for the treatment of PMW
would be TBP. The pollutant removal rate and the
amount of the sludge produced during the coagula-
tion—flocculation process are highly dependent on the
specific coagulants used. The results indicate that the
ranking of coagulant effectiveness is as follows:
TBP > FeCl; > Aly(SOy)s.

222 sludge-color
[ sludge-COD

produced sludges (ml )
COD or color removal (%)

/-
il

P3000

FeCI3
coagulant agents

A2(S04)3

Fig. 5. Ratios between the amount of sludge produced and
COD or color removal.
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Moreover, natural polymeric coagulants form large
and steady flocs via bridging effect with higher
resistance to shear forces in a turbulent flow compared
to non-polymeric coagulants such as iron chloride
[24]. This implies that TBP can be used within a
batch-stirred tank setup to treat PMW, since bridging
linkages are more resistant to breakage at high shear
levels.

TBP presents technical and environmental advan-
tages. Technologically, the process involving TBP is
much easier than the one implicating metal salts. pH
adjustments of both raw and treated water, as well as
further flocculant agents, are not needed (as it occurs
with alum or ferric salts). TBP is completely natural,
so several disadvantages linked to alum or ferric salts
usage are avoided, particularly those associated with
the use of aluminum [25].

TBP as a natural coagulant can be a potential sub-
stitute for synthetic products on paint manufacturing
wastewater treatment. It can avoid the negative effects
from residual metal salts and may produce biodegrad-
able sludge. Furthermore, tannins are available and
easy to store, and they only require a simple chemical
modification. In addition, they can be a social change
factor as they allow water treatment without coagu-
lants and flocculants exterior dependence.

4. Conclusion

The efficiency of a TBP, iron chloride, and alu-
minum sulfate on paint manufacturing wastewater
treatment are evaluated. TBP seems to be the most
suitable combination for the treatment of PMW. It
ensures the best pollutant removal results and pro-
duces the least amount of decanted sludges for a
given amount of COD and color removal. Further-
more, the use of TBP does not require any pH adjust-
ment, either on raw or on treated wastewater. In
addition, TBP is technologically and environmentally
better and it is a renewable resource. The improve-
ment of pollutant removal and the amount of sludge
produced depend on the specific coagulant used; the
ranking of the coagulant agent’s efficiency is as fol-
lows: TBP > FeCl; > Al(SOy)3.
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