
Introduction

Petroleum-derived seawater pollution is a consequence
of the increasing energy requirement experienced by
present western patterns, as well as the high ratio of
petroleum-related products in the present energy system.
Environmental impact resulting from disposal of pro-
duced water is normally evaluated on the basis of the
compound’s toxicity as well as by the amount of organic
compounds present therein. In order to secure the
quality standards in the disposal of produced water,
the National Council for the Environment (CON-
AMA-Brazil) has set that the maximum acceptable lev-
els for oil and grease disposal of produced water should
be £ 20 mg/L [1, 2].

The reduced size of the dispersed oil drops present
in oily water produced during oil production processes
is the main drawback to be by-passed during the

treatment of such waste. The most viable alternative
to attain the effective removal of such oil is to increase
the size of the dispersed drops followed by separation
by physical methods (decantation, centrifugation,
membrane filtration, flotation, etc.). The aggregation
process of oil droplets is made possible through the
use of compounds having affinity for both phases
(through interaction among the dispersed oil drops)
and working as a link between them. Such a process is
known as flocculation and the substances that pro-
mote this phenomenon are known as flocculating
agents [3, 4].

The oily water generated in the petroleum industry
is often formed by an emulsion corresponding to a
colloidal dispersion of a non-polar fluid dispersed in
water. Emulsions are colloidal systems formed by a
liquid partitioned in small droplets (called dispersed
phase or internal phase) dispersed in another immisci-
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Abstract During oil production and
treatment, oil-in-water (O/W)
emulsions are formed. These dis-
persions require treatment prior to
disposal. In order to improve oil/
water separation processes through
any physical process (decanting,
flotation, centrifuging etc), the par-
ticle size of the dispersed phase
should be increased. This may be
obtained by a flocculation process,
which consists in the agglomeration
of several particles or drops using
as flocculating agent hydrophilic
high molecular weight macromole-
cules. Poly (ethylene-b-propylene
oxide) and poly (vinyl alcohol)
polymers have been evaluated as

flocculating agents for oily water
systems. Their performance is re-
lated to the particle size increase of
the dispersed phase. In this work, a
photometric dispersion analyzer
(PDA) has been used to accomplish
the oil drop agglomeration. Syn-
thetic as well as produced water was
used. Data are in good agreement
with previous tests. Qualitative
information related to aggregates or
particle size distribution of the oily
water systems can be obtained using
PDA.
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ble liquid, called dispersing phase or continuous phase.
As are all colloidal dispersions, emulsions are intrinsi-
cally unstable and the dispersed phase drops tend to
coalesce, forming a liquid macroscopic phase. In the
case of produced water, there is produced an oil-in-
water (O/W) emulsion stabilized by natural surfactants
present in the system and/or deriving from additives
used during the petroleum producing processes [3, 5, 6].
According to the literature, the four distinct processes
identified in an emulsified system are: breaking [6],
creaming [6, 7], flocculation [6, 8], and coalescence [6,
8]. Specifically in the case of the treatment of petroleum
industry-derived oily waters, the process involves
destabilization of the issued emulsion, that is, the sys-
tem flocculation [4, 8].

The continuous monitoring of the particle or drop
aggregation process is made possible with the aid of an
instrument named photo dispersion analyzer–PDA
2000. This instrument allows detection of particle for-
mation or dispersion flocculation in the early stages of
such processes; this not being possible with most other
current techniques. This technique has been successfully
used to study the aggregation kinetics of high molecular
weight poly(ethylene oxide) at temperatures above the
solution cloud points [9]. The PDA operation principle
is based on the fact that dispersions may show a slight
fluctuation in their local composition. The technique
provides three distinct response modes:

1. The dc component, associated to the suspension
turbidity, that is, the higher the system turbidity the
lower will be the value of this component

2. The rms component, corresponding to the average
square root of the particle concentration in the sus-
pension, this component being associated to the
particle size—higher rms values corresponding to
particle appearing or to increased particle aggregates
(flocculation process)

3. The ratio component, related to the response values
for the rms and dc components (ratio=10·rms/dc)
[10, 11, 12, 13, 14]

Experimental

Materials

Commercial polymers used as flocculants are described
in Table 1 [15]. Two commercial flocculants were also
used, here designated by Floc A and Floc B (Clariant)
and a latex sample (Petroflex, Brazil).

Preparation of synthetic emulsions

In order to reproduce the marine environment, brine
having a salt concentration of 55,000 ppm (250 g/L of

Table 1 Characterization data of the commercial polymers [15]

Polymer Chemical structure Molecular weight Hydrolysis degree EO/PO ratio
(%) (%w/w)

PEO 11 4.8·106(a) – –
PEO 12 5.2·106(a) – –
PEO 13 6.5·106(a) – –
PVA 13 260,000 (a) 87.9 (c) –
PVA 14 67,000 (a) 87.8 (c) –

PEO-PPO 11 7,200 (b) – 3.5 (c)

PEO-PPO 12

7,400
(b)

– 6.2
(c)

PEO-PPO 13 20,500
(b)

– 8.6
(c)

aAssessed by viscometry
bAssessed by vapor pressure osmometry
cAssessed by hydrogen nuclear magnetic resonance
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sodium chloride and 25 g/L of calcium chloride) was
prepared. Using a Turrax PT 3100 blender at a rotating
speed of 13,000 rpm, an oil aliquot (approximately
0.8 mL for each liter of brine) was slowly added (addi-
tion period �9 min), using a long stem syringe. Upon
completion of the oil addition, the rotation was imme-
diately increased to 15,000 rpm and kept as such for
15 min. The freshly prepared oily water was admixed to
another portion of brine (one and a half times the
amount used in the beginning of the preparation). This
system was then submitted to a 5,000-rpm agitation for
5 min.

Particle aggregation study

Particle aggregation study of the dispersions was carried
out with the aid of a model PDA 2000 photo dispersion
analyzer, manufactured by Rank Brothers. The addition
of the flocculating agent was gradual and uniform,
keeping time intervals between the polymer additions
and subsequent reading of the obtained values for each
of the three response answers. For more concentrated
systems, pipes having internal diameter of 1 mm and
flow rate of 2.5 mL/min were used. Less concentrated
systems were analyzed in a 3-mm pipe, at a flow rate of
20 mL/min. Agitation of the dispersion was kept in the
range 100–200 rpm.

Results and discussion

It is important to stress that according to the infor-
mation supplied with the instrument [13], quantitative
interpretations in terms of particle or aggregate size
distribution are not feasible. However, data supplied by
the instrument provide a very convenient empirical
indication related to the aggregation state shown by the
tested system. This allows the assessment of an opti-
mum dosage of the flocculating agent, for maximum
reached response values of the rms and rms/dc ratio,
this being an indication of the boosting of the aggre-
gation effect.

When the disaggregation phenomenon occurs
(breaking of the freshly formed aggregates), caused by
the addition of a dispersing agent or by the shearing
effect (caused by the agitation imposed to the system),
the response values of the rms and rms/dc components
undergo a significant reduction and attain a minimum
value, when the particles are completely dispersed. The
dc component follows the turbidity variation of the
system as a whole; the dc gradual reduction is observed
as a consequence of the increase in particle number and
with the increased aggregation in the system, the dc
variation being much more affected by particle number
associated effects.

Synthetic oily water/flocculating agent system

This study aimed at obtaining a better understanding of
the flocculation process kinetics of the water-dispersed
oil droplets derived from offshore oil production systems
(salinity and size distribution of the emulsified similar oil
droplets) that should be treated before being discarded.

PDA 2000 was chosen to perform this study since it is
able to detect particle formation (or dispersion floccu-
lation) in the initial steps of those processes and there-
fore it is capable of a step-by-step monitoring of the
gradual increase in dispersed oil droplet size, such an
increase being due to the action of flocculating agents.
Thus, flocculation tests were designed to evaluate the
effect of the gradual variation in concentration of floc-
culant added to the synthetic oily water/flocculating
agent system.

The same polymers employed as flocculating agents
in a previous study [15] on the flocculation process in
synthetic oily water/flocculating agent systems were
evaluated in the flocculation/flotation study. However,
the study using PDA 2000 aimed at a better under-
standing of how the flocculation process occurs (size
increase of the dispersed oil drops) and how the floc-
culant concentration can influence the aggregation pro-
cess (assessment of the flocculating agent optimum
concentration). Thus, the efficiency of a polymer as
flocculant can be evaluated as a function of its ability to
yield bigger aggregates, those being easier to remove by
physical separation processes such as flotation.

Fig. 1 PDA response variation (rms) as a function of the
flocculating agent concentration added to the oil/water emulsified
system
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Figure 1 plots the PDA 2000 response curves (rms
component) obtained from the variation in the concen-
tration of flocculating agent added to the oil-in-water
emulsified system. It may be observed that at lower
concentrations, PEO-PPO 12 performs better, since its
optimum addition concentration (curve maximum) is at
a concentration range lower than those of other poly-
oxide-based copolymers and also lower than that of the
remaining polymers. From a comparison between PEO-
PPO 11 (linear structure and EO/PO ratio=3.5),
PEO-PPO 12 (linear structure and EO/PO=6.2), and
PEO-PPO 13 (non-linear structure and EO/PO=8.6) the
relevance of the hydrophilic–lipophilic balance is made
obvious. Also evident is the relevance of the way the
oxyethylenic groups are distributed in the polymer chain
on the performance of an additive as flocculant. Poly-
vinyl alcohol-based polymers PVA 13 and PVA 14 have
shown the highest response values at relatively higher
concentrations. In flocculation tests, the PEO-based
polymers had the worse response results in PDA. This is
because a higher flocculant concentration was required,
in spite of the fact that in PEO 13 tests the response
values were close to the values for polyoxide-based co-
polymers. It is possible to improve this performance by
chemical modification reactions involving the introduc-
tion of small hydrophobic groups into one of the poly-
mer chain ends, thus making it possible that high
molecular weight poly (ethylene oxide) molecules have
in one of their chain ends a group having a high affinity
for the oily phase.

Figure 2 plots the PDA response curves (rms/dc ra-
tio) obtained by varying the concentration of flocculat-
ing agent added to the oil-in-water emulsified system.
The values attain a maximum that can be associated
with the optimum flocculation concentration. Those
curves took a behavior similar to that drawn for Fig. 1,
thus confirming the considerations assumed in the rms
component response, relative to the individual floccula-
tion process of the tested polymers.

Results obtained from PDA 2000 are consistent with
the previously obtained [15] particle size distribution
using the Mastersizer (Malvern) instrument. PVA 13
and PVA 14 polymers, having higher response values,
also had the higher values for average particle size. This
confirms that the response intensity in PDA 2000 is
associated with the dimensions of particles generated in
the system.

Produced oily water/flocculating agent system

Selected polymer materials were evaluated for their
flocculating action in produced oily water. Results
indicate low performance and no relationship to struc-
ture, composition, or molecular weight, obtained in the
study in synthetic oily water. In order to compare with
the results obtained for the selected polymers, the oily
water was then treated with commercial polymeric
flocculants Floc A and Floc B, these being made up of a
cationic polyelectrolyte. Tests were carried out accord-
ing to two distinct modes: (i) by observing the PDA 2000
response as a function of the flocculant concentration at
a constant measurement time, and (ii) by keeping the
flocculant concentration constant and observing the
instrument response as a function of time.

Flocculation tests as a function of flocculant
concentration

Flocculation tests conducted at varied concentrations of
flocculating agent were run aiming at determining the
optimum performance concentration range. Results
obtained for Floc A and Floc B are shown in Figures 3a
and b, respectively, In Fig. 3a it my be observed that,
according to the response provided by the rms compo-
nent (chosen since it best characterizes the flocculation
process), Floc A was able to work in a more effective
way in the size increase of the particle aggregates at a
concentration in the range of 150 to 200 ppm. Figure 3b
shows the curves obtained for Floc B. Still analyzing the
rms response, it may be observed that the optimum
working range for this flocculant is 100–240 ppm. From
a comparison between the two systems, two facts may be
observed: Floc B shows optimum flocculation concen-
tration at a lower concentration than that of Floc A.
However, its aggregation efficiency is lower than that of

Fig. 2 PDA response variation (rms/dc ratio) as a function of the
flocculating agent concentration added to the oil/water emulsified
system
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Floc A, as can be observed from the intensity of the rms
response.

Flocculation test as a function of time,
at constant flocculant concentration

Flocculation tests as a function of time were run for
commercial flocculants Floc A and Floc B for the
concentrations of 150 and 200 ppm. Those concentra-
tions were set forth according to the previously ob-
tained results. Figures 4a and b show the results
obtained for Floc A and Floc B (at concentrations of
150 and 200 ppm), respectively. For all cases it can be
observed that the system aggregation state varies as a
function of time, independently of the flocculant con-
centration.

Aggregation kinetics can be observed by the rms re-
sponse. Figure 4a shows that a more favorable aggre-
gation state is reached at a concentration of 150 ppm. In
principle this result would not be expected since higher
rms values are reached at a higher concentration when
the tests are run at short times. However, by observing
the behavior of the Floc A-containing system, at short
times the results are consistent, that is, the rms value at
200 ppm is higher than that at 150 ppm. Figure 4b
shows that a state of higher aggregation is reached at
200 ppm.

The same differences as for the behavior as a function
of time occurring in the Floc A-containing system are
also observed in this case. The 200 ppm curve shows
a maximum rms value with time, characterizing the

Fig. 4a, b Comparative study of the effect of time on the
flocculation phenomenon in a produced oily water system, as a
function of the concentration variation of the flocculating agent at
concentrations of 150 and 200 ppm, added in one single shot.
a Floc A b Floc B

Fig. 3a, b Influence of the flocculating agent concentration varia-
tion on the flocculation of a produced oily water system. a Floc
A. b Floc B
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re-dispersion effect occurring at long analysis times. This
result is highly consistent since re-dispersion is favored
by an excess flocculant and, according to Fig. 3b,
200 ppm is already well above the flocculating agent
optimum concentration range.

For produced oily water, commercial polymeric
flocculating agents have shown superior performance as
compared to the selected polymers. However, the study
using synthetic oily water and polymeric materials of
known structure, composition and molecular weight has
made possible a systematic evaluation of these parame-
ters in the flocculation process.

Conclusions

The versatility of the photometric dispersion analyzer
(PDA 2000) allows its use in the study of the process

involved in dispersion formation or precipitation. The
maximum response values for the rms and rms/dc
components are related to the larger average diameter of
particles or drops. Thus it is possible to identify the
optimum dosage of the flocculating agent, in spite of the
fact that quantitative interpretations in terms of size
distribution of particles or aggregates are not possible
with this instrument. Due to its versatility, ease of
operation, and reduced dimensions, PDA 2000 may be
recommended for utilization in oil production field tests.
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