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ABSTRACT

Coagulation is often used for the pre-treatment of industry wastewater, with effectiveness strictly dependent on techno-
logical conditions. This study aimed at determining what technological parameters of coagulation of cosmetic industry
wastewater provide the highest efficiency of clarification. The dosages of reagents, the order of dosing, as well as the
one- and two-stage processes were investigated. The samples of raw wastewater were collected from average daily
effluent from a cosmetics manufacturing plant. Liquid coagulant PIX 111 (FeCl,) and NaOH as a pH-adjusting agent
were used. Jar-test experiments were carried out to determine the optimum conditions for turbidity and total organic
carbon (TOC) removal. The efficiency of clarification was high (90-99%) across a wide range of pH values (6-9)
and coagulant doses (0.5-1.25 mL/L). What is important is that the coagulant dose of 0.56 mL/L provided 97.6%
clarification efficiency without the addition of the alkali. The minimal stoichiometric excess of alkalinity for effective
coagulation was 0.5 mmol/L. In all samples, the removal efficiency for TOC was lower than for turbidity, because some
of'the organic carbon forms were non-coagulating dissolved compounds. The wastewater from tonic and fluid produc-
tion was very susceptible to coagulation. The addition of the coagulant before the alkali resulted in better wastewater
treatment efficiency than the reverse order. Single-stage process with optimal doses of the reagents allowed to clarify
wastewater to a level of 10 NTU. On the other hand, the two-stage process brought the turbidity down to 1 NTU level.
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INTRODUCTION

The wastewater from the production of cos-
metics characteristically has a very diverse chemi-
cal composition (Bogacki et al. 2017), its most
common components are surfactants (Aloui et al.
2009), oils and fats (Bautista et al. 2007), phe-
nols (Perdigon-Melon et al. 2010), as well as si-
loxanes and fragrances (Naumczyk et al. 2013).
Among the different types of surfactants found
in cosmetic wastewater, the most common and
the most abundant ones are anionic surfactants
(Aloui et al. 2009; Gohary et al. 2010). Because
they are so diverse, the surfactants show markedly
different ecotoxicities (Ivankovi¢ and Hrenovic¢
2010). Raw cosmetic wastewater is most often
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characterized by high toxicity (Melo et al. 2013;
Perdigon-Melon et al. 2010), which can be reduced
with the use of physical-and-chemical purification
methods, such as coagulation and advanced oxida-
tion, or biological methods (Bautista et al. 2007;
El-Gohary et al. 2010; Perdigon-Melon et al. 2010;
Puyol et al. 2011).

Coagulation is a popular, cheap, and effec-
tive method of industrial wastewater treatment.
It is chiefly applied as pre-treatment before
conventional filtration and membrane filtration
(Abdelmoez et al. 2013; Formentini-Schmitt et
al. 2013). Coagulation is used on an industrial scale
for preliminary treatment of wastewater gener-
ated during the production of cosmetics (Bautista
et al. 2007; Michel et al. 2015). Research shows
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that the coagulation of industrial wastewater is

an effective method of removing anionic surfac-

tants (Aboulhassan et al. 2006; Mahvi et al. 2004).

Coagulation in this case involves adsorptive micel-

lar flocculation, which is a combination of two pro-

cesses: electrostatic neutralization of the surfactant
by cationic coagulant species, leading to the pro-
duction of electrically neutral flocs, and adsorption
of organic compounds on the surface of or inside

the micelles (Porras and Talens-Alesson 1999).

Due to its chemical properties, iron(II) coagulant

ensures effective removal of anionic surfactants

(77.1%), but is ineffective in eliminating non-ionic

surfactants (24.8%), which, however, promotes an

increase in the BOD,: COD ratio from 0.14 to 0.40

(Michel et al. 2015). Scientific publications show

that coagulation of wastewater from the cosmetics

manufacturing processes reduces COD, but the ef-
ficiency of treatment at optimal conditions is very
diverse, ranging from 37.3 to 77.5% (Aloui et al.

2009; ElI-Gohary et al. 2010; Michel et al. 2015).

The variable treatment efficiency results from the

diverse composition of wastewater generated in

the production of cosmetics, but also depends on

the type of coagulant used and — what is very im-

portant — from the technological process param-

eters (Mahvi et al. 2004; El-Gohary et al. 2010,

Bogacki et al. 2017).

The aim was to study the efficiency of wastewa-
ter treatment in a function of the dose of coagulant
(PIX) and alkali (NaOH) for the comparison of:
e the impact of the order in which the reagents

were introduced into the wastewater (PIX +
NaOH and NaOH + PIX),

e the way of the reagents dosing — one-stage, un-
separated PIX and NaOH dosing involved pH
adjustment in the flocculation phase and two-
stage, separate NaOH dosing after coagulation,
flocculation and sedimentation in the decanted
supernatant liquid.

The reagent doses and dosing sequences were
investigated to obtain the least turbidity and con-
centration of organic compounds in wastewater.

MATERIALS AND METHODS

The wastewater used in the study came from a
cosmetics plant. It was a mixture of the wastewater
generated as a by-product of the production process
and washing water from technological-line equip-
ment cleaning. At the time of sample collection, the
plant produced tonics and make-up fluids. Average

daily effluent strained through a slotted sieve with 1
mm holes was collected to obtain raw wastewater.

In the experiments, an iron(I1l)-based coagu-
lant was used, because many studies pointed at
its high efficiency in the coagulation of cosmetic
wastewater and wastewater containing anionic
surfactants (Aboulhassan et al. 2006; Mahvi et
al. 2004; ElI-Gohary et al. 2010), as well as, of
course, in removing organic pollutants from mu-
nicipal wastewater (Maciotek et al. 2018). The
coagulant (PIX 111) had also been successfully
used in the factory wastewater pre-treatment plant
from which the wastewater samples were collected.
Coagulation experiments were carried out using 1L
wastewater samples. The technical grade, liquid
coagulant PIX 111 (iron(IIl) chloride) produced
by Kemipol, was used as a reagent. The properties
of the coagulant were: a total iron concentration of
13.4+£0.6%, density 1.38-1.50 g/cm®, pH < 1. The
pH of wastewater was adjusted with an aqueous
solution of NaOH (analytical grade, produced by
POCH). Wastewater was mixed with the reagents
in jar-test apparatus. In the coagulation phase, the
samples were rapid-mixed for 30 s at 120 rpm, and
in the flocculation phase, they were slow-mixed
for 15 min at 20 rpm. The coagulated wastewater
was left to settle for 30 min before the supernatant
liquid was decanted (not filtered).

The coagulation efficiency was evaluated by
comparing the parameters of the raw wastewater
and the decanted liquid supernatant. The samples
were tested for turbidity, total organic carbon
(TOC), pH, and total alkalinity. The turbidity mea-
surements helped to assess the degree of colloid
and suspension removal, while TOC — to assess the
content of coagulated and non-coagulated organic
compounds. The percentage coagulation efficiency
(E) was calculated from the equation (1):

E=<1—§((—’;>*100 ()

where: X, and X, are, respectively, the initial and
final turbidities or TOC values, as deter-
mined in raw wastewater (initial) and de-
canted supernatant liquid after coagulation
(final).

The E of the turbidity was used as a colloid
removal index, like in the study of Banchon et al.
(2017). The alkalinity and pH were used to check
the changes induced by the hydrolysis of the co-
agulant and to determine the demand for alkali.
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Turbidity was measured with a laboratory tur-
bidimeter by means of the nephelometric method;
TOC concentrations were determined in a TOC
analyzer using the non-purgeable organic car-
bon method, which involved high temperature
mineralization and infrared detection; pH was
measured with the potentiometric method using
a gel electrode; conductivity was measured by
the conductometric method and total alkalinity
was determined by alkalimetric titration using
standard solution of hydrochloric acid in the pres-
ence of methyl orange. All measurements were
performed in duplicate.

RESULTS AND DISCUSSION

As documented in previous work, the wastewa-
ter from the cosmetics plant was characterised by
variable parameters, such as COD 2442—-6397 mg/L,
anionic surfactants 86—595 mg/L, non-ionic
surfactants 6-23 mg/L and BOD,/COD ratio
0.07-0.22 (Michel et al. 2015). In comparison,
the raw wastewater used in this study contained a
low amount of organic compounds (TOC 837 mg/L
and COD 2879 mg/L). The turbidity was high and
amounted to 1832 NTU. The raw wastewater was
characterised by medium buffering capacity, as
evidenced by pH 7.8, total alkalinity 5.6 mmol/L
and conductivity 2930 pS/cm.

Optimization of coagulant and alkali doses

The selection of coagulant doses and wastewa-
ter pH for effective coagulation is a standard pro-
cedure in choosing the optimum pollutant removal
conditions. Figure 1 shows the results of the tests
in which coagulant dose was varied within each
series, and the series differed from one another
in the target pH. The alkali was introduced 30 s
after the coagulant to reproduce the procedure used
in the factory wastewater pre-treatment plant. A
control series, marked with an asterisk, was run
without an addition of the alkali. The wastewater
was very susceptible to coagulation, as shown by
the very high clarification efficiencies (£ of tur-
bidity close to 90% or above) across a wide range
of target pH values 6-9 and a range of coagulant
doses 1.7—4.3 mmol/L (0.5-1.25 mL/L). Of course,
the purification efficiency increased along with the
increase in pH and coagulant dose, to reach 99%,
as shown in detail in Figure 1b.

The amount of alkali in all samples in experi-
mental series was compared with the minimum
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alkalinity required to a favourable hydrolysis of
the coagulant. The results are shown in Figure 2.
The amount of alkali was the sum of alkali dose
(mmol NaOH/L) and total alkalinity of wastewater
(5.6 mmol/L). The minimum alkalinity (Alk__)
was calculated from the equation (2):

Alkpypin =W - D, +1.0 )

where: W is individual consumption of alkalin-
ity by coagulant (for FeCl, 6H,O equals
0.0111),
D, is coagulant dose (mg/L) and factor
1.0 is a stoichiometric excess of alkalinity
(Kowal and Swiderska-Broz 2009).

In all series with pH adjustment by NaOH,
the conditions for hydrolysis of coagulant were
favourable — the points are above the minimum
alkalinity line. The equations presented in the
Figure 2 enable to calculate the required amount
of alkali, for the target pH value of wastewater,
on the basis of the coagulant dose. In the series
without adjusting the pH, only at the smallest dose
of coagulant, the alkalinity of wastewater was suf-
ficient to meet the limiting condition A/k = —other
points are below the dotted line. It is worth noting
that wastewater subjected to coagulation without
adjusting the pH, was also very efficiently purified
(E of turbidity of 95.6%) at a coagulant dose of
1.7 mmol/L (0.5 mL/L). In this experimental series,
further increases in the coagulant dose resulted in
decreased coagulation efficiency.

In connection with the above, the clarifica-
tion of wastewater was studied as a function of
coagulant dose, without adjusting the pH. In those
experiments, the dose range was partitioned into
smaller intervals and wastewater pH, total alkalin-
ity and TOC concentration after coagulation were
analysed. The results are shown in Figure 3. The
highest E of turbidity (97.6%) was obtained at a
coagulant dose of 1.9 mmol/L (0.56 mL/L); at
this dose, the coagulant reduced the turbidity of
raw wastewater from 1832 NTU to 43.3 NTU. At
the same time, the alkalinity decreased from 5.6
to 0.5 mmol/L and the pH dropped from 7.8 to
5.2. This was a natural consequence of alkalinity
being consumed by the reaction of neutralization
of the acids formed during the hydrolysis of the
coagulant, as a non-hydrolyzed coagulant was
used in the studies. In the analysed case, there was
a visible relationship between the consumption of
alkalinity and the decrease in turbidity. This indi-
cates that the reaction involved the electrostatic
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Fig. 1. Relationship between turbidity removal efficiency and coagulant dose at various tar-
get pH values: (a) data from all experimental series, (b) zoom of data from part of the series

coagulant dose, mL/L pH9:D,=3.35D.+6.48

R? = 0.996
0 0.5 1 1.5
25 1 1 pH8:D, =3.36 D, + 5.26
R? = 0.999
20 A pH7:D,=3.34D_+3.58
< R?=0.987
E
£ / pH 6: D, =3.30 D_+0.83
=15 o R? = 0.994
=}
2 Alk,,;,, =3.00 D_+ 1.00
©
E 10 Da = AII(Ww + DNaOH
(4]
O pHI
5 A pHS
O pH7
O pHG6
0 T T T T — — Alkmin

X no pH adjustment
coagulant dose (D), mmol FeCl,/L

Fig. 2. The alkali dose (D) vs. coagulant dose (D,) at various target pH values and these re-
lationship to the required minimum alkalinity (A/k ) for coagulation. The alkali dose (D) is
the sum of total alkalinity of wastewater (4/k = 5.6 mmol/L) and NaOH dose (D

NaOH)

neutralization of a negatively charged colloid, the minimal stoichiometric excess of alkalinity
probably an anionic surfactant. Increasing the for the coagulation of this type of wastewater
coagulant dose above 1.9 mmol/L raised the  using FeCl, coagulant was 0.5 mmol/L. In all
turbidity of the supernatant liquid by up to 190 samples, the £ of TOC was lower compared with
NTU and decreased the clarification efficiency  the removal of turbidity, due to the presence of a
by 11%. Combining the trend of both parameters, substantial amount of non-coagulating dissolved
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organic compounds. The maximum £ of TOC was
72.3% at a coagulant dose of 1.9 mmol/L. This
result was associated with the fact that the TOC
content in the supernatant (232 mg/L) was much
smaller than in raw wastewater (837 mg/L). When
a larger than the optimal dose of coagulant was
used, the concentration of TOC in supernatant
increased to 272 mg/L, resulting in a 5% reduc-
tion in removal efficiency. However, taking into
account the fact that the secondary increase in
turbidity was more intense than the increase in
TOC concentration, it can be assumed that the
turbidity was also caused by iron compounds de-
rived from the coagulant which (the coagulant)
did not undergo full hydrolysis after all alkalinity
had been consumed. A study by Naumczyk and et
al. (2014) demonstrates that the aluminum coagu-
lants can also effectively remove pollutants from
cosmetic wastewater, providing 74% treatment
efficiency as measured by COD removal. This
result is similar to the efficiency of TOC removal
in the presence of the ferric coagulant (PIX 111),
which was 70 + 2% in samples with a high degree
of clarification.

Order of reagents dosing

The studies on coagulation of the cosmetic
wastewater and the wastewater containing anionic
surfactants, describe a procedure for the optimi-
zation of a coagulant dose for wastewater with
pre-adjusted pH (Mahvi et al. 2004; Aboulhassan
et al. 2006; El-Gohary et al. 2010). Industrial
wastewater treatment plants, on the other hand,
often use a technological system in which alkali
are dosed after the coagulant has been dispensed

into the wastewater (Bautista et al. 2007; Michel
et al. 2015).The effect of the order in which PIX
and NaOH were dosed into wastewater samples
on treatment efficiency, assessed by measuring
turbidity and TOC concentration (Fig. 4) was
analyzed to see which of the two methods pro-
vided better results. In the PIX + NaOH series,
variable doses of the coagulant were added to
the wastewater samples, after which the pH of
the mixture was adjusted to 7.5 by adding an ap-
propriate dose of the alkali (pH 7.5 was the target
value for the effluent discharged from the factory
(pre-)treatment plant into the sewage system). In
the NaOH + PIX series, the order in which the
reagents were introduced into wastewater was
reversed, but the doses remained the same. The
data clearly show that the use of the coagulant
as the first reagent resulted in better wastewater
clarification efficiency (Fig. 4b) across almost
the entire range of coagulant doses. The order in
which the coagulant and the alkali were dispensed
into the wastewater had a smaller impact on the
removal of TOC, because a part of organic carbon
in the wastewater was in a non-coagulating dis-
solved form. Figure 4a shows slightly higher TOC
values for the NaOH + PIX series, but £ of TOC
removal in both series was comparable (Fig. 4b).
The experiment demonstrated that it was more
advisable to adjust the pH after having dispensed
the coagulant into the mixture, because the re-
verse procedure created an inappropriate reaction
environment. The order in which the reagents are
added to wastewater during coagulation is very
important and should be selected individually in
technological tests, because it has a significant
impact on the efficiency of treatment.
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Fig. 3. Turbidity, TOC concentration, pH, and total alkalinity of wastewa-
ter as a function of coagulant dose (without pH adjustment)
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Separable dosing of reagents

In the next stage of the present optimization
study, we investigated the efficiency of cosmetic
wastewater treatment in a two-stage reagent dos-
ing system. In two-stage coagulation, different
coagulants are usually dosed into the mixture in
two stages, which provides the benefit of reducing
the consumption of reagents (Kroczak et al. 2005).
Inspired by the idea of two-stage coagulation, we
performed an experiment in which PIX and NaOH
were added to the reaction mixture in separate stag-
es. After coagulation, flocculation, and sedimen-
tation, the supernatant liquid was separated from
the post-coagulation sediment and subjected to pH
adjustment in a separate vessel by dosing NaOH
until pH 7.5 was reached. After adjustment of the
pH, further flocculation and sedimentation took
place, and the secondary supernatant was decanted
from the sample vessels. The turbidity and TOC
of decanted samples from the second purification
stage in function of coagulant dose are presented
in Figure 5a, as well as the treatment efficiency in
Figure 5b. A control series, in which unseparated
dosing was carried out in one vessel, is also shown.
This series reproduces the reagent dosing method
used in the cosmetics factory treatment plant. The
data show that the one-stage method of removing
dispersed colloidal particles reduced turbidity to
8-10 NTU at a coagulant dose of 2.6 mmol/L (0.75
mL/L) and more. This £ of turbidity (99.5%) may
be sufficient for wastewater discharged into the
sewage system. The use of two-stage treatment

method allowed to purify the wastewater to a tur-
bidity of 1.0-1.5 NTU, yielding a maximum clari-
fication efficiency (99.9%). E of TOC removal in
both treatment methods was similar and close to
73% for one-stage and 75% for two-stage process.
The wastewater treated with the PIX coagulant
alone, underwent coagulation and the supernatant
liquid, separated from the flocs, contained unre-
acted coagulant, especially in the samples in which
higher coagulant doses (> 0.75 L/m?®) were used.
After wastewater was adjusted with NaOH to pH
7.5 in a separate reaction tank, the samples were
further coagulated and flocculated, and the degree
of clarity of the supernatant liquid from the second
stage indicated that the dispersed phase had been
thoroughly removed. Two-stage treatment in two
reaction tanks adds to the complexity of the tech-
nological system, but provides a highly efficient
removal of the colloid. Such a solution may be
justified in the wastewater recovery systems in
which coagulation is the basic process of preparing
wastewater for membrane separation.

CONCLUSIONS

Coagulation, which is one of the most com-
mon industrial-wastewater treatment processes,
requires strict technological discipline to provide
the desired efficiency. Optimization of reagent
doses showed that the wastewater from tonics and
make-up fluids production was very susceptible
to coagulation, and the efficiency of clarification
was high (90-99% removal of turbidity) across a
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wide range of pH values (6-9) and coagulant doses
1.7-4.3 mmol/L (0.5-1.25 mL/L). In the samples
with a high degree of clarification the efficiency
of TOC removal was lower (70 &+ 2%), because a
part of organic carbon in the wastewater was in a
non-coagulating dissolved form.

The treatment efficiency without pH-adjust-
ment was also high (97,6% removal of turbidity at
a coagulant dose of 1.9 mmol/L (0.56 mL/L)) and
associated with about complete consumption of the
wastewater alkalinity. The minimal stoichiometric
excess of alkalinity for effective coagulation this
type of wastewater from cosmetic industry using
FeCl, coagulant was 0.5 mmol/L.

It was demonstrated that the wastewater co-
agulated more effectively when the reagents were
added to it in the following order: first coagulant
and next alkali. When ised in the reverse order,
they gave poorer wastewater clarification (turbidity
changes were several dozen NTUs).

The experiment simulating a two-stage system
in which the coagulant and the alkali were dosed
separately provided a maximum clarification effi-
ciency of 99.9%, which corresponded to turbidity
of 1.0-1.5 NTU in supernatant liquid. It may be
the proper solution for systems of water recovery
from wastewater.

The choice of reagent dosing order is more im-
portant when the plant discharges pre-treated waste-
water into the sewage system. In the case of water re-
covery from wastewater, it is more justified to sepa-
rate the coagulation stage from pH adjustment stage.
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