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ABSTRACT: When used by itself, polyethylene imine
(PEI) does not perform well as cement fluid loss additive.
Its combination with acetone formaldehyde sulfite (AFS)
polycondensate, however, exhibits excellent filtration con-
trol. The mechanism underlying this synergistic effect was
studied and the conditions producing best results were
determined. For optimum performance, PEI and AFS must
be reacted with each other to yield a polyelectrolyte complex
(PEC) (d � 5–10 lm), which effectively plugs the pores of
the cement filter cake. Composition, size, and effectiveness of
the PEC are strongly influenced by the anionic charge
amount of the AFS dispersant. Ionic interactions between
cationic imine functionalities of PEI and anionic sulfonate
groups existing in AFS were confirmed by conductivity,
infrared, zeta potential, and particle size measurements. For

AFS samples possessing different degrees of sulfonation, the
largest particle size and hence best fluid loss performance of
the PEC was found to occur at a PEI:AFS molar ratio, which
corresponds to neutral charge. Occurrence of large PEC par-
ticles (d � 5 lm) within the cement filter cake pores was
visualized by scanning electron microscopy, and their stabil-
ity in highly alkaline cement pore solution was confirmed by
particle size measurement. Other anionic polyelectrolytes
may be used to yield such PECs with PEI to provide effec-
tive fluid loss control for cement slurries. VC 2011 Wiley Periodi-
cals, Inc. J Appl Polym Sci 121: 1262–1275, 2011
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INTRODUCTION

Polyethylene imine (PEI) is a synthetic polymer,
which is used in various industrial applications
including food preparations, coatings, paint and
glue systems, and, in particular, the paper indus-
try.1–3 There, it is applied to provide water retention
and as a flocculant for the negatively charged fibers
and CaCO3 particles.4,5 Industrially, PEI is made by
catalytic polymerization of ethylene imine monomer.
Depending on the specific process conditions, either
low molecular weight PEI possessing a linear struc-
ture or high molecular weight (HMW) PEI exhibiting
a branched or hyperbranched structure are obtained.
Commercial HMW PEI typically possesses primary,
secondary, and tertiary amino groups.6,7 Its approxi-
mated chemical structure is displayed in Figure 1.
The main chain of HMW PEI shows branch points
at about every 3 to 3.5 monomer units and contains
secondary and tertiary amino groups. Whereas, the

side chain consists of ethylene imine units with sec-
ondary and terminating primary amino groups.7,8 In
HMW PEI, the ratio of primary-to-secondary-to-terti-
ary amino groups typically is � 1 : 2 : 1.
Generally, PEI represents a polybase, which exhib-

its a weak polyelectrolyte character in unbuffered
water but behaves as a strong polyelectrolyte in
acidic environment.9 The latter effect is owed to pro-
tonation of the amino functionalities. The degree of
protonation of the PEI amino groups (a) varies with
pH of the solution. It can be calculated based on the
principle of electroneutrality valid for all charge-
bearing species existing in solution. For example,
when HCl was added to a PEI solution, a is attain-
able as follows (Equation 1):7

a ¼ ½ðcþHÞadded � ðcþHÞfree þ ðc�OHÞfree�=½EI� (1)

where (cþH)added is the concentration of HCl added
(in mol/L), whereas (cH

þ )free and (c�OH)free are the
concentrations of free protons and hydroxyl ions exist-
ing in this solution. They can be determined from pH
measurement of the solution by using the relationship
(cH

þ )free � (c�OH)free ¼ 1.0 � 10�14 mol2/L2. Whereas, [EI]
represents the PEI concentration expressed as mono-
meric equivalents of ethylene imine present in the
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sample. For branched PEI at pH values of 3, 7, and
10, the values of a were reported as 0.71, 0.22, and
0.01, respectively.7 Thus, at pH 3, 71% of all amine
groups present are protonated, whereas at pH 10,
the molecule exists practically in its deprotonated
form. Lindquist and Stratton6 studied the influence
of pH on the molecular size of PEI. They found that
a fully protonated PEI macromolecule attains a
more stretched conformation, compared with its
uncharged counterpart, which is more coiled. Conse-
quently, the steric size of protonated PEI was found
to exceed that of the deprotonated molecule by 65%.

Polyelectrolyte complexes (PECs) are a large fam-
ily of associative compounds which, in an ideal case,
result from electrostatic interaction between cationic
and anionic oligomeric or polymeric species.10 Addi-
tionally, PECs can form through ion mediation, or
by hydrophobic (micelle type) cooperative interac-
tion between polyelectrolytes and surfactants. In
recent years, polymer-surfactant systems have found
increased attention, owed to their widespread use in
industries as diverse as cosmetics, detergents, paints,
coating fluids, inks, and drug delivery systems. For
example, a number of studies was performed to
investigate the interaction between PEI and sodium
dodecyl sulfate (SDS), an anionic surfactant.9,11,12

They revealed that association between PEI and SDS
not only relied on electrostatic attraction. For exam-
ple, Winnik et al.9 presented evidence for occurrence
of both electrostatic and micelle-like collective inter-

actions, with the latter dominating at high pH. From
calorimetric data, Li et al.13 confirmed a nonelectro-
static contribution to PEI/SDS interaction. The role
of nonelectrostatic interaction also was presented for
combinations of PEI with cationic surfactants such
as cetyl trimethyl ammonium bromide.14

Interestingly, in another work Winnik et al.15

observed an increase in pH when PEI was combined
with SDS. This effect was attributed to the consump-
tion of protons by PEI and subsequent PEC forma-
tion, as presented by equation 2. Accordingly, PEI
can exist in its protonated form even at high pH.

PEIþH2Oþ SDS� �PEI�Hþ=DS� þOH� (2)

Since many years, PEI is being used as an effective
cement fluid loss additive when combined with an
anionic dispersant. For example, in a patent Brothers
and Burkhalter16 describe a cement slurry possessing
low fluid loss, which is based on PEI and a naphtha-
lene sulfonic acid-formaldehyde polycondensate.
According to them, PEI needs to be combined with
an anionic additive to achieve its performance.
Whereas, the mechanism by which such combina-
tions exercise their effect was not presented.
Thus, the goal of our investigation was to identify

the fundamental mechanism underlying the fluid
loss performance of PEI in cement slurries. The
mechanism was probed for individual PEI and a
combination of PEI with a variety of acetone

Figure 1 Chemical structures of PEI and AFS polycondensate samples.
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formaldehyde sulfite (AFS) polycondensates possess-
ing different degrees of sulfonation (DS).

First, cement fluid loss provided in absence and
presence of AFS was measured. Next, impact of the
polymer mixing method, the reaction time, the
weight ratio between PEI and AFS as well as the
influence of the anionic charge amount present in
the AFS sample on fluid loss control were examined.

In the second part, the nature of the PEI/AFS inter-
action was investigated. Here, insight into electrostatic
contributions to the formation of PEI/AFS PEC was
obtained via conductivity and pH measurements. Fur-
thermore, the impact of variations in the anionic
charge amount of AFS on charge neutralization
between PEI and AFS and the particle size of the
resulting PEC were probed. Based on those results, an
optimum preparation method for the PEC to be used
in cement, and a model describing the individual
steps leading to its formation are presented.

EXPERIMENTAL

Materials

Oil well cement

An API Class G oil well cement (‘‘black label’’ from
Dyckerhoff AG, Wiesbaden, Germany) according to
American Petroleum Institute (API) Specification 10
A was used.17 Phase composition, specific density,
average particle size (d50 value), and specific surface
area of the sample are presented in Table I.

PEI

Branched PEI (EpominV
R

-1000) was purchased from
Nippon Shokubai, Osaka, Japan in the form of a 30 wt%
aqueous solution. According to the manufacturer’s spec-
ification, this sample contains primary, secondary, and
tertiary amine groups at a molar ratio of 1 : 2 : 1.

AFS polycondensate

Four AFS polycondensate samples were synthesized
from acetone, formaldehyde, and sodium sulfite in a
base-catalyzed aldol reaction following a previously

published method.18 In all AFS samples prepared, the
molar ratio of acetone:formaldehyde was kept con-
stant at 1 : 3, whereas the sulfite content varied and
was set at 0.5; 0.4; 0.3; and 0.2, respectively. Thus, the
AFS samples mainly differ in the DS and in the result-
ing specific anionic charge amount. Like most poly-
condensates, the AFS samples studied here exhibit
broad molecular weight distributions (Polydispersity
index of 3.6–5.6) and Burchard parameters of 1.1–1.4.
This indicates a star-shaped, branched structure for
the dispersant molecules. Table II lists the characteris-
tic properties of all synthesized AFS samples.

PES-Na

In charge titration experiments, a 0.001N solution of ani-
onic sodium polyethylene sulfonate (PES-Na) obtained
from BTG Mütek GmbH (Herrsching, Germany) was
used as anionic polyelectrolyte.

Poly(Dadmac)

In charge titration experiments, a 0.001N solution of
poly(diallyl dimethyl ammonium chloride) obtained
from BTG Mütek GmbH (Herrsching, Germany) was
used as cationic polyelectrolyte.

Welan gum

BiozanVR , a commercial biogum sample obtained
from CP Kelco (Houston, TX) was used. Welan gum
is a microbial polymer produced by fermentation
using a bacterial strain of the species Alcaligenes
ATCC 31555. It yields an anionic polysaccharide
with carboxylate groups directly attached to anhy-
dro glucose rings.19 According to supplier informa-
tion, this sample possesses a molecular weight (Mw)
of � 1.0 � 106 g/mol.

Instruments

Adsorption

A high TOC II instrument from Elementar (Hanau,
Germany) with CO2 detector was used.

TABLE I
Phase Composition (QXRD, Rietveld), Specific Density, Specific Surface Area (Blaine) and d50 Value of

the API Class G Oil Well Cement Sample

C3S
a

(wt%)
C2S

b

(wt%)
C3Ac

c

(wt%)
C4AFd

(wt%)
free CaO
(wt%)

CaSO4�2H2O
(wt%)

CaSO4�1/2
H2O (wt%)

CaSO4

(wt%)
Specific

density (kg/L)
Specific surface
area (cm2/g)

d50

value (lm)

59.6 22.8 1.2 13.0 <0.3 2.7e 0.0e 0.7 3.18 3058 9.8

a C3S: tricalcium silicate, Ca3(SiO4)O.
b C2S: dicalcium silicate, Ca2(SiO4).
c C3Ac: cubic modification of tricalcium aluminate, Ca9Al6O18.
d C4AF: tetra calcium aluminate ferrite, Ca4Al2Fe2O10.
e Measured by thermogravimetry.
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API filtration cell

A 500 mL OFITE high temperature high pressure fil-
ter press (Part No. 171-00-C, OFI Testing Equipment
Inc., Houston, Texas) was used.

Cement testing

Quantitative phase composition of the cement sample
was established using an X-ray diffraction instrument
(D8 Advance, Bruker AXS, Karlsruhe, Germany)
with Bragg-Bretano geometry and Topas 3.0 soft-
ware for Rietveld refinement. The diffractometer is
equipped with a scintillation detector using CuKa

(k ¼ 1.5406 A) radiation with a scanning range
between 5 and 80� 2y at a scanning speed of 0.5 s/
step (with 0.008�/step). Specific density of the
cement was determined on an UltrapycnometerV

R

1000 (Quantachrome Instruments, Boynton Beach,
FL). Average particle size (d50) was measured using
a laser-based particle size analyser (Cilas 1064, Mar-
seille, France). Specific surface area was analyzed
using a Blaine instrument (Toni Technik, Berlin, Ger-
many). A blade type laboratory blender manufac-
tured by Waring Commercial (Torrington, CT) was
used to prepare the cement slurry. The slurry was
homogenized in an atmospheric consistometer
(Model 1250, Chandler Engineering, Tulsa, OK).

Charge titration

A PCD 03 pH instrument from BTG Mütek GmbH
(Herrsching, Germany) and a blue ribbon filter pa-
per obtained from WhatmanVR (Dassel, Germany)
were used.

Conductivity measurements

Tests were carried out with a conductivity meter
Qcond 2200 (Merck, Darmstadt, Germany).

Particle size mesurements

The average particle sizes of solved PEI and of the
PEI/AFS PEC were measured using a Zetasizer

Nano-ZS instrument from Malvern Instruments,
Herrenberg, Germany. A 4 mW He-Ne laser operat-
ing at 633 nm was used. A constant temperature of
25�C was maintained and the particle sizes obtained
were reported as averages of 13 measurements.

pH measurement

The pH values were measured at 25�C with a
SCHOTT pH mV meter equipped with a SCHOTT
A161 pH electrode (Schott Geräte GmbH, Mainz,
Germany). The meter was standardized by a two-
point calibration method.

Infrared spectroscopy

Fourier Transform Infrared Spectrometer FT/IR-460
Plus from JASCO Corporation (Gross-Umstadt,
Germany) was used.

Zeta potential mesurements

Zeta potentials of PEI and of the PEI/AFS PEC were
determined by a Zetasizer Nano-ZS apparatus (Mal-
vern Instruments). A constant temperature of 25�C
was maintained and zeta potential values were
reported as averages of 13 measurements.

Environmental scanning electron microscopy and
energy dispersive X-ray analysis

Environmental scanning electron microscopy (ESEM)
images of the fresh, wet cement filter cake were
obtained on an XL 30 ESEM—FEG instrument from
Philips (now FEI Company), Eindhoven, The Nether-
lands. Samples were studied under a water vapor
pressure of 1.5 mbar using a Gaseous Secondary Elec-
tron Detector. Acceleration voltage was 10 kV. Images
were recorded � 30 min after completion of the high
temperature–high pressure (HTHP) filtration test.
Energy dispersive X-ray (EDX) analysis was used to
determine elemental composition in the cross section
of the cement filter cake. For preparation, the solid
cement filter cake produced in the HTHP filtration

TABLE II
Characteristic Properties of Polyethylene Imine and Acetone Formaldehyde Sulfite Polycondensate Samples

Designation
of polymer

Molar ratio acetone:
formaldehyde:sulfite

Molecular weight

Polydispersity
index Mw/Mn

Radius of
gyration
Rg (nm)

Burchard
parameter
q Rg/Rh

Specific charge
amount e (C/g)

Mw

(g/mol)
Mn

(g/mol)
In

water
In cement

pore solution

PEI – 230,000 74,000 3.1 41 2.0 þ260 þ21
0.2 AFS 1 : 3 : 0.2 56,000 15,000 3.6 6 1.1 �90 �110
0.3 AFS 1 : 3 : 0.3 74,000 14,000 5.3 7 1.1 �170 �180
0.4 AFS 1 : 3 : 0.4 63,000 12,000 5.6 14 1.4 �205 �210
0.5 AFS 1 : 3 : 0.5 66,000 17,000 3.7 9 1.4 �260 �270
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test was broken into two parts in such a way where a
vertical cross section is exhibited. From the center of
the filter cake, a � 5 � 5 � 5 mm large piece was
carefully removed and the cross section of the filter
cake was studied under the ESEM instrument.

Procedures

Cement slurry preparation

Cement slurries were prepared in accordance with
the test procedures set forth in Recommended Prac-
tice for Testing Well Cements, API Recommended
Practice 10 B, issued by the API, using API Class G
oil well cement and deionized water.20 The cement
slurry was mixed at a water-to-cement ratio of 0.44
using a Waring blender. Depending on the prepara-
tion method, 700 g of cement either were added as
such to an aqueous PEI/AFS polymer blend dis-
solved in 308 g of deionised (DI) water yielding a
total volume of 350 mL, or as a dry blend of cement
with the respective additive(s). Within 15 s, the
cement or the cement/additive blend was added to
the mixing water or PEI/AFS solution and was
mixed for 35 s at 12,000 rpm. To ensure homogene-
ity, all slurries were stirred for 20 min in an atmos-
pheric consistometer at the respective temperature.

API static fluid loss

Static fluid loss was determined at 27�C following
API RP 10B procedure using a 500 mL HTHP filter
press.20 After pouring the homogenized cement
slurry into the filter cell, a differential pressure of 70
bar (N2) was applied to the top of the cell. Filtration
proceeded through a 3.5 sq. in. mesh metal sieve
placed at the bottom of the cell. The filtrate pro-
duced by the differential pressure was collected for
30 min (V30). As described by API RP 10B, the col-
lected filtrate volume was doubled and designated
as API fluid loss of the corresponding cement slurry.

Adsorption

Generally, the depletion method was applied, i.e., it
was assumed that a decrease in the polymer concen-
tration before and after contact with water was
solely due to adsorption/retention on the mineral
surface. Achievement of adsorption equilibrium was
checked by comparing polymer adsorption in cement
slurry stirred for 20 min in the atmospheric consis-
tometer against a slurry, which was not stirred. In
both cases, the same amount of polymer retained was
found. The amount of admixture adsorbed on cement
was determined from the filtrate of the cement slurry
collected in the fluid loss test. Adsorbed amount was
calculated from the difference between the equilib-
rium concentrations of the polymer present in the liq-
uid phase before and after mixing with cement. PEI

concentration present in the filtrate was determined
by total organic carbon analysis.

Charge titration

A total of 0.2 g/L of cationic PEI and 0.2 g/L of ani-
onic AFS were titrated in DI water and in cement
pore solution against 0.001N solutions of anionic so-
dium polyethylene sulfonate (PES-Na) and cationic
polydiallyl dimethyl ammonium chloride (Poly-Dad-
mac), respectively. Cement pore solution was
obtained by vacuum filtration of the cement slurry as
prepared above without additives using a blue ribbon
filter paper obtained from WhatmanVR GmbH. From
the volume of titrant required to neutralize the oppo-
sitely charged polymer, the specific charge amount of
the polymer was calculated. Charge titrations were
performed using 1 mL of 0.2 g/L aqueous solutions
of fluid loss additive (FLA) and dispersant samples,
respectively, which were then diluted with either
9 mL cement pore solution or with DI water.

Conductivity and pH measurement

A total of 0.2 wt% aqueous solutions of each AFS
sample (DS ¼ 0.5, 0.4, 0.3, and 0.2) were titrated
with 500 mL of a 1 wt% PEI solution whereby the
first 100 mL of the PEI solution were added in 1 mL
steps, followed by 50 mL steps. Total time of titra-
tion was 30 min. Measurements were carried out at
25�C under constant stirring, and conductivity as
well as pH of the solutions were recorded.

Infrared spectroscopy

Infrared (IR) spectra of a 1 wt% aqueous PEI solu-
tion, of a 0.2 wt% aqueous AFS solution (DS ¼ 0.5),
and of a combined solution containing 1 mL of each
polymer solution mixed for 5 min were recorded at
25�C in the range of 400–4000 cm�1.

Zeta potential and particle size measurement

Electrical charge and particle size of PEI and the
PEI/AFS PEC were measured by stepwise titration
of a 0.002 wt% aqueous AFS solution to 10 mL of a
0.01 wt% PEI solution. Before measurement, the sol-
utions were stirred for 10 min with a magnetic stir-
rer at 200 rpm to ensure homogeneity. Particle size
measurements of the PEC were conducted in cement
pore solution. There, 1 mL of the combined PEI/
AFS solutions holding specific PEI:AFS ratios which
correspond to the isoelectric point of each AFS sam-
ple were homogenized for 30 min with 2 mL of
cement pore solution.
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RESULTS AND DISCUSSION

Properties of the PEI sample

The PEI sample used in this study exhibited a
weight average molecular weight (Mw) of 230,000 g/
mol (GPC measurement, eluent 0.2 mol/L NaNO3).
The polydispersity index Mw/Mn of the sample was
found to be � 3. Calculation of the Burchard param-
eter q ¼ Rg/Rh from GPC data confirmed the exis-
tence of a three-dimensional, randomly coiled struc-
ture for this branched PEI in aqueous solution (q ¼
2). When diluted to a concentration of 1 wt%, the
PEI sample exhibited a pH of 10.7. The main proper-
ties of the PEI sample are listed in Table II.

Fluid loss performance of individual PEI

The API fluid loss of cement slurries treated with
increasing dosages of PEI is shown in Figure 2.
When used by itself, PEI does not provide satisfac-
tory fluid loss. Even at dosages as high as 3% by
weight of cement (BWOC) of PEI, the filtrate volume
collected was 529 mL. This exceeds by far the com-
monly accepted value of � 50 mL/30 min, which is
thought to be necessary when porous rock forma-
tions are being cemented. Additionally, at such high
PEI dosage, the cement slurry is too viscous to allow
easy pumping in the field.

Analysis of the cement filtrate revealed that while
some depletion of PEI through adsorption/retention
on cement had occurred (1.1 and 3.6 mg of PEI/g
cement at dosages of 1 and 3% BWOC, resp.), no
direct correlation exists between the adsorbed amount
of PEI and cement fluid loss (Fig. 2). Instead, the
amount of PEI retained seems to be merely propor-
tional to the dosage of PEI added. Thus, adsorption
can be excluded as working mechanism for PEI.
Obviously, this polymer achieves fluid loss by
strongly increasing the viscosity of the cement filtrate,

as was evidenced by measurement of the dynamic
viscosity of PEI dissolved in cement pore solution
using an Ubbelohde apparatus. At PEI concentrations
of 1 and 3 wt%, respectively, the dynamic viscosity
increased from 1.39 mPa s to 2.99 mPa s.

Performance of PEI/AFS combination

In field applications, FLAs are often combined with
dispersants to lower slurry rheology. In our study,
excessive viscosity of the cement slurry containing
PEI was reduced by addition of an AFS polyconden-
sate dispersant which was dry-blended into cement
and was mixed with water holding dissolved PEI.
Surprisingly, it was found that such combination of
PEI with AFS (DS ¼ 0.5) greatly improves fluid loss
control of the cement slurry. For example, a mixture
of 2.5% BWOC PEI and 0.4% BWOC AFS produced
an API fluid loss of only 47 mL/30 min (Table III).
This is a remarkable improvement over individual
PEI which produced an API fluid loss of 529 mL at
a dosage of 3% BWOC PEI (Fig. 2).

Influence of mixing procedure

Further improvement of cement fluid loss was
observed when before cement addition, AFS was
predissolved together with PEI in the mixing water
by constant stirring using a magnetic stirrer at 200
rpm. For example, predissolving 0.4% BWOC of AFS
possessing a DS of 0.5 with only 1% BWOC PEI and
stirring for 60 min produces a fluid loss of 38 mL/
30 min only (Table III). This compares with an API
filtrate of 47 mL/30 min when as much as 2.5%
BWOC of PEI, applied with the same dosage of AFS,
were dry blended into cement. Thus, it is demon-
strated that dissolving both polymers in the mixing
water is highly advantageous.

Influence of reaction time

The huge impact of the mixing procedure observed
indicates that during the dissolution process, a reac-
tion between PEI and AFS might occur. To investi-
gate, the mixing time for the two polymers in aque-
ous solution was varied. Thus, 1% BWOC of PEI and
0.4% BWOC of AFS (DS ¼ 0.5) were predissolved in
350 mL DI water at room temperature. After stirring
for 1, 10, and 60 min, respectively, 700 g of cement
were added, a cement slurry was prepared according
to API RP 10 B and its fluid loss was probed. It was
found that when the reaction time was prolonged
from 1 to 10 min, the API fluid loss dropped signifi-
cantly from 425 mL to 49 mL (Table III). Further
extension of the reaction time produced an API fil-
trate volume which was even less (38 mL/30 min,
see Table III). This result instigates that along with

Figure 2 API fluid loss of Class G cement slurries (w/c
¼ 0.44) containing increasing dosages of PEI, measured at
27�C.
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the mixing procedure, the mixing time is also critical
for the effectiveness of the PEI/AFS combination.

Influence of PEI/AFS ratio

Next, the question arises whether the fluid loss per-
formance is also dependent upon the PEI:AFS ratio.
For clarification, cement slurry filtration tests at con-
stant PEI dosage (1% BWOC) but at different AFS con-
centrations were performed. In all experiments, PEI
and AFS were predissolved in the mixing water for 10
min. At 1% BWOC PEI, the minimum dosage of AFS
(DS ¼ 0.5) required to obtain a fluid loss of less than
50 mL/30 min lies at 0.30% BWOC. Lowering the dis-
persant dosage below this threshold concentration, e.g.,
to 0.2% BWOC, results in a higher fluid loss (208 mL/
30 min, Table III). Hence, it becomes apparent that for
the weight ratio between PEI and AFS, a specific range
is required to achieve optimum performance.

All results described earlier instigate that some
sort of associative interaction between the PEI and
AFS polymers occurs. One such possibility is the for-
mation of a large PEC which exercises a plugging
effect in the cement filter cake. Typically, formation
of PECs is based on ion pairing between cationic
(here: protonated amino) and anionic (here: sulfo-
nate) groups. To investigate, the effect of the anionic
charge amount present in AFS on the fluid loss per-
formance of the PEI/AFS combination was probed.

Effect of anionic charge amount of AFS

AFS samples possessing different DS (DS ¼ 0.2; 0.3;
0.4; and 0.5) were prepared and studied with respect

to their interaction with PEI. Thus, in the presence
of 1% BWOC PEI dissolved in the mixing water, the
dosage of each AFS sample was determined at
which a fluid loss of <50 mL/30 min was achieved.
Because the high dosages needed for AFS samples
possessing lower DS can produce low fluid loss val-
ues owed to excessive dispersion and sedimentation
of cement (so called ‘‘faked" fluid loss), an antiset-
tling agent (0.05% BWOC of welan gum) was dry
blended into the cement before mixing all slurries.
The minimum dosages required for each AFS

sample to obtain a fluid loss <50 mL/30 min are
shown in Table III. With increased DS, the minimum
AFS dosages were found to decrease. From this
experiment, it was concluded that apparently, a cer-
tain amount of anionic charge provided by AFS is
necessary to achieve complete charge neutralization
of the PEI polymer. This finding strongly supports
the hypothesis that performance of the PEI/AFS
combination relies on the formation of a PEC. To
confirm, a series of mechanistic experiments was
conducted next.

PEI/AFS PEC

Formation of a PEC between PEI and AFS was first
probed by conductivity and pH measurements.

Conductivity and pH measurements

Conductivity was measured by titrating 0.2 wt%
aqueous solutions of AFS samples possessing differ-
ent DS values with 1 wt% aqueous PEI solution. As

TABLE III
API Fluid Loss of Class G Cement Slurries (w/c 5 0.44) as a Function of a) Mixing Procedure for the Cement
Slurry, b) Reaction Time Between PEI and AFS, c) PEI:AFS Weight Ratio, and d) Anionic Charge Amount

of the AFS Samples, Respectively

Parameter Preparation
PEI dosage
(% BWOC)

AFS dosage
(% BWOC)

DS of AFS
sample

API fluid loss
(mL/30 min)

– PEI solved in mixing water 3 – – 528
Mixing procedure PEI and AFS predissolved in mixing

water, stirred for 60 min
1 0.4 0.5 AFS 38

AFS dry-blended into cement; PEI
predissolved in mixing water

2.5 0.4 0.5 AFS 47

Reaction time PEI and AFS predissolved in mixing
water, stirred for 1 min

1 0.4 0.5 AFS 425

PEI and AFS predissolved in mixing
water, stirred for 10 min

1 0.4 0.5 AFS 49

PEI and AFS predissolved in mixing
water, stirred for 60 min

1 0.4 0.5 AFS 38

PEI:AFS
weight ratio

PEI and AFS predissolved in mixing
water, stirred 10 min

1 0.2 0.5 AFS 208
1 0.3 0.5 AFS 46
1 0.4 0.5 AFS 49

Anionic charge
amount of AFS

PEI and AFS predissolved in mixing
water, stirred 10 min

1 0.25 0.5 AFS 46
1 0.35 0.4 AFS 48
1 0.45 0.3 AFS 44
1 0.65 0.2 AFS 46
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evidenced in Figure 3, the conductivity of solutions
containing the individual AFS samples (with no PEI
present) rises with increasing DS (from 437 lS for the
AFS sample possessing a DS of 0.2 to 797 lS for 0.5
AFS sample with DS ¼ 0.5). Obviously, a higher DS
increases the ionic character of the polyelectrolyte.
Addition of minor amounts (� 10 mL) of PEI to these
AFS solutions at first produces an increase in conduc-
tivity until a maximum value is reached. Apparently,
charge neutralization between AFS and PEI does not
occur in this range of PEI addition. Thereafter, how-
ever, conductivity decreases strongly as a consequence
of progressive charge neutralization between PEI and
the polycondensate. Obviously, formation of the PEI/
AFS PEC only starts after exceeding a certain PEI
threshold concentration. For all AFS samples, conduc-
tivity levels out at PEI additions of �500 mL and
attains a final value of � 300 lS, which corresponds to
the conductivity of the individual PEI solution.

The experiments demonstrate that intermolecular
attraction between these two polymers is dependent
upon the anionic charge amount present in AFS.
Accordingly, the highest decline in conductivity
occurs for the most anionic AFS sample possessing a
DS of 0.5 (from 1169 lS to 420 lS after addition of
500 mL PEI solution) while the AFS showing a DS
of 0.2 exhibits a relatively minor decrease in conduc-
tivity (from 545 lS to 312 lS after addition of 500
mL PEI solution). There, a much smaller amount of
PEI is sufficient to achieve charge neutralization.

Along with conductivity, the pH of each AFS solu-
tion was measured. In general, AFS samples exhibit-
ing lower DS values show lower pH (DS ¼ 0.2: pH
6.5; DS ¼ 0.3: pH 8.6; DS ¼ 0.4: pH 9.3; and DS ¼
0.5: pH 9.9) (Fig. 4). Addition of alkaline 1 wt% PEI
solution (pH 10.7) first increases the pH of all AFS
solutions to reach a maximum value while further
PEI addition causes a drop of pH to a final value of
approximately 10.7, which is identical for all AFS
samples. The maximum value of pH generally occurs
at volumes of PEI solution added which coincide
with those observed at maximum conductivity, as
was shown in Figure 3. This result can be interpreted
such that in a first step, the polybase PEI abstracts a
proton from water, and thus becomes a cationic poly-

electrolyte (equation 3). Existence of protonated PEI
species was evidenced from previous charge titration
experiments where a positive charge was attained for
this PEI sample even in highly alkaline cement pore
solution of pH 12.6 (Table II). Through this mecha-
nism, the initial increase in pH observed after addi-
tion of PEI solution is explained by a release of OH�

ions as a result of protonation of PEI.

PEIþH2O�PEI�Hþ þOH� (3)

PEI�Hþ þAFS� �PEI�HþAFS� (4)

The protonated PEI species can now associate itself
with anionic AFS and thus form a PEC, PEI-HþAFS�,
as expressed by equation 4. Once PEI-Hþ is progres-
sively consumed by this reaction, more amino groups
present in PEI will be protonated, according to the
equilibrium shown in equation 3, which in turn
increases the pH. Similar observations were reported
by Mészàros et al. 11 for PEI titrated with an aqueous
solution of SDS. Owed to this mechanism, the contri-
bution of OH� ions to the total conductivity of the
AFS solution titrated with PEI is significant and
explains the observed initial rise of both conductivity
and pH. Apparently, after addition of � 10 mL PEI so-
lution, hydrogen abstraction by PEI ceases and subse-
quently, conductivity drops because of PEC formation.
To investigate the ionic interaction between PEI

and AFS further, infrared spectra of the aqueous
0.2 wt% AFS solution (DS ¼ 0.5); of the 1 wt% PEI
solution; and of a combine of 1 mL of each polymer
solution mixed for 10 min were recorded (Fig. 5).
The functional groups contained in PEI produce
characteristic signals at the wave numbers as fol-
lows: 3253 cm�1 (ANHA), 3037 cm�1 (ANH3

þ),
2920, and 2856 (ACH2A), 2357 cm�1 (ANH2

þA and
ANH2

þA), 1583 cm�1 (ANH2), and 1452 cm�1

(ACH2A).21 Analysis of the AFS sample (DS ¼ 0.5)
exhibits characteristic functionalities at these wave
numbers: 2922 and 2796 cm�1 (AOH, intramolecular
H bridging), 1587 cm�1 (C ¼¼ O), 1354 cm�1 (AOH),
1171 cm�1 (SO3

�), and 1041 cm�1 (CAO). Interestingly,

Figure 3 Conductivity of 0.2 wt% aqueous solutions of
AFS samples possessing DS values of 0.2; 0.3; 0.4; and 0.5,
respectively, titrated at 27�C with 1 wt% PEI solution.

Figure 4 pH of 0.2 wt% aqueous solutions of AFS sam-
ples possessing different DS as a function of PEI addition
to this solution.
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in the IR spectrum of PEI/AFS combined, the absorb-
ance for ASO3

�, which occurs at 1171 cm�1 and is
characteristic for AFS has disappeared. It suggests
strong participation of this functional group in the
interaction between PEI and AFS. Obviously, no more
free ASO3

� functionalities are present in the PEI/AFS
combine. Whereas, the signals representing cationic
amine functionalities in PEI occurring � 3035, 2680,
and 2355 cm�1 still appear in the spectrum of the
PEI/AFS combine. Obviously, all ASO3

� groups are
involved in the interaction with PEI, but owed to the

large amount of PEI added and the branched character
of this PEI sample, an excess of cationic amine groups
not participating in the interaction is present in the
mixture. This way, the IR study confirms that ionic
interaction occurs between PEI and AFS.

Zeta potential and particle size

To clarify the electrical charge of the PEI/AFS com-
bine, the zeta potential of 0.01 wt% PEI solution
titrated with 0.002 wt% AFS solution was measured.

Figure 5 Infrared (IR) spectra of aqueous 1 wt% PEI solution, 0.2 wt% AFS solution (DS ¼ 0.5), and of a combine pre-
pared by mixing 1 mL of each polymer solution, measured at 25�C.
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After addition of 1 mL of AFS solution each, stirring
proceeded for 10 min to allow establishment of equi-
librium conditions before the zeta potential measure-
ment was taken.

During titration, a general occurrence was
observed for all AFS samples. At low dispersant
concentrations, the PEI/AFS combine is transparent
while at increased AFS dosage, the solution turns
first turbid and shows a yellowish precipitate until it
becomes transparent again when an excess amount
of AFS is present (Fig. 6). For AFS samples possess-
ing lower DS, precipitation requires a higher AFS
dosage to commence. For example, for the AFS sam-
ple exhibiting a DS of 0.5, precipitation occurs at 6
mL of PEI solution added, whereas the AFS sample
possessing a DS of 0.2 requires 25 mL of volume
added to reach the precipitation regime. These
observations indicate that a process involving associ-
ation, charge neutralization and subsequent dissocia-
tion of macromolecules is taking place. The higher
the amount of sulfite groups present in the polycon-
densate, the lower is the quantity of AFS required
for charge neutralization of the given amount of pro-
tonated amino groups present in PEI. Such behavior
has been observed previously for polyelectrolyte/
surfactant complexes made from oppositely charged
components. There, initial precipitation of the poly-
mer/surfactant complex is followed by dissolution
as a consequence of repulsive interaction of the sur-
factant with the polymer.11

The principle process of ion pairing, which under-
lies the formation of the PEC was confirmed via zeta
potential measurement. With decreasing DS, the dis-
persant dosage necessary for achieving the isoelec-
tric point of 0 mV increases (for the AFS sample pos-
sessing DS ¼ 0.5: 6 mL of 0.002 wt% AFS solution;
for AFS with DS ¼ 0.4: 9 mL; for AFS with DS ¼ 0.3:
12 mL; for AFS with DS ¼ 0.2: 25 mL). As is shown

in Figure 7, the original PEI solution exhibits a posi-
tive zeta potential þ3.5 mV. This is owed to the pro-
tonated amino groups, as presented earlier.7 At low
AFS addition (in the preprecipitation regime), this
positive zeta potential increases further until a maxi-
mum value is reached. Thereafter, it decreases to the
isoelectric point and beyond, where it attains a final
negative value. Obviously, the initial rise of the posi-
tive charge is due to an increase of the number of
positively charged particles.
The reason behind this effect became evident from

particle size measurements. For all AFS samples, the
initial rise of the zeta potential at very low dispers-
ant concentrations is accompanied by a decrease in
particle size (d50 value), as is evidenced by dynamic
light scattering measurements (Table IV). Appa-
rently, AFS addition induces separation of initially
formed PEI agglomerates into smaller particles or
even single macromolecules. Through this mecha-
nism, abstraction of protons from water molecules

Figure 6 Titration of 0.01 wt% aqueous PEI solution with increased volumes of 0.002 wt% aqueous AFS solution (DS ¼
0.5); precipitation of a PEI/AFS PEC is observed at additions of 8–16 mL of AFS solution while at higher dosages, resolu-
bilization occurs. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 7 Zeta potential of 0.01 wt% aqueous PEI solution
as a function of volume added of 0.002 wt% aqueous AFS
solutions; AFS samples possess different DS.
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by PEI is facilitated better and occurs more exten-
sively. As a result, the number of positively charged
particles increases and a more positive zeta potential
results. Thus, when 2 mL of AFS solution (DS ¼ 0.5)
are added to the PEI solution, the size of the PEI
aggregates decreases from 91 nm to 51 nm (Table
IV). This value is comparable with the radius of
gyration (Rg) of single molecules (Rg ¼ 41 nm) pres-
ent in our PEI sample (Table II). Further AFS addi-
tion strongly increases particle size and reduces the
zeta potential continuously until negative values are
obtained for all AFS samples. There, dispersant mol-
ecules bind to PEI via electrostatic interactions to
produce an uncharged complex. This PEC possess
such large particle size (several lm, Table IV) that it
can effectively obstruct the pores of a cement filter
cake. When addition of AFS is continued, particle
size decreases as a result of disintegration and resol-
ubilization of the PEC.

Furthermore, the average particle diameter of the
PEI/AFS PEC were determined using a Zetasizer
instrument. In Figure 8, the particle size of PEI is
plotted against the volume added of the AFS sam-
ples possessing different DS values. For all samples,

maximum particle sizes were found to occur around
the isoelectric point, as was evidenced by the zeta
potential measurements displayed in Figure 7. As
described earlier, turbidity of the combines generally
was observed in the region where the electrokinetic
properties of the system lie around the isoelectric
point. This regime is characterized by the occurrence
of very large particles produced by ion pairing and
charge neutralization. Later on, progressive binding
of AFS molecules to the PEC results in negatively
charged PEI/AFS complexes.
During PEC formation, the isoelectric point (IEP) is

transgressed. The question arises whether a certain
ratio between the protonated amino groups present
in PEI and the sulfonate groups occurring in AFS
exist at the isoelectric point. To probe, the weight
ratios between PEI and AFS existing for each AFS
sample at the isoelectric point as evidenced from the
zeta potential measurements shown in Figure 7 were
converted into molar ratios of PEI:AFS. Those values
were then used to calculate the molar ratios between
ethylene imine monomer (assuming that one mole of
PEI contains 423 ethylene imine units, as derived
from Mw of PEI), and the AFS building block holding
one sulfonate group. The result is exhibited in Table
V. There, it is clearly shown that with increasing DS
of AFS, less moles of AFS are required to achieve a
PEC which is neutral in charge. Furthermore, at pH 7
(this value of pH was measured for all AFS samples
at the isoelectric point), 22% of amino groups present
in PEI are protonated.7 Applying this factor to the
different amounts of PEI present in the PECs formed
from AFS molecules possessing variable DS produces
the molar ratio between protonated amino groups
and sulfonate functionalities occurring at the isoelec-
tric point in the PECs. Interestingly, it was found that
this molar ratio is comparable for all AFS samples
and lies � 13–14 (Table V). This indicates that AFS
molecules can interact only with protonated amino
groups present on the surface of the spherical PEI
macromolecules, whereas those inside are inaccessible
for the AFS polyelectrolyte. Consequently, it appears
that the PEC possesses a core-shell structure, with the
core made up of associated PEI molecules, whereas

TABLE IV
Average Size of Particles (d50 Value) Present in 0.01 wt%

Aqueous PEI Solution After Titration with 0–4 mL
of 0.002 wt% AFS Solution, Measured by

Dynamic Light Scattering

Volume
added of AFS
solution (mL)

Average particle size (d50 value) (nm)

AFS
DS ¼ 0.2

AFS
DS ¼ 0.3

AFS
DS ¼ 0.4

AFS
DS ¼ 0.5

0 91 91 91 91
1 89 77 80 58
2 63 78 66 51
3 66 87 61 410
4 68 134 178 1,752

Figure 8 Hydrodynamic radius (Rh) of particles present
in 0.01 wt% aqueous PEI solution as a function of volume
added of 0.002 wt% aqueous AFS solution; AFS samples
showing different DS.

TABLE V
Molar Ratio of AFS:PEI and Ratio of ASO3

2 to ANR3
1

Groups Present in the Polyelectrolyte Complex
Existing at the Isoelectric Point

DS of AFS
sample

Molar ratio
of AFS:PEI at

isoelectric point

Molar ratio
between protonated

amino:sulfonate groups
at isolectric point

0.2 2.05 : 1 14
0.3 0.87 : 1 14
0.4 0.73 : 1 13
0.5 0.52 : 1 13
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comparatively small AFS molecules are attached to
its cationic surface and form an anionic shell.

The various interactions occurring between PEI
and AFS at different regimes of the combine are
summarized in Scheme 1. In aqueous solution, pure
PEI exists in the form of an associative molecule col-
loid. There, individual macromolecules are bound
together via hydrogen bridges involving nitrogen
donor atoms and ¼¼NAH functionalities. When AFS
is added, disintegration of the PEI associates occurs.
AFS attaches to several PEI macromolecules and
crosslinks them. This way, a large, precipitated mul-
tipolymer complex (d � 7–8 lm) producing maxi-
mum turbidity around the isoelectric point is
formed. Once this point is transgressed, then addi-
tion of more dispersant leads to an increasingly neg-
ative charge of the polymeric associates. Conse-
quently, electrostatic repulsion between molecules
present in the PEC increases. This effect results in
gradual disintegration of the PECs and finally, parti-
cle sizes of <200 nm are attained. A comparable
decrease in particle size at higher surfactant concen-
trations was reported by Li et al. for a PEI/surfac-
tant combination. It was ascribed to repulsive micel-
lar interaction.22 Whereas here, dissociation of the
PEC can be attributed mainly to electrostatic repul-
sive forces. The final result of AFS addition is resol-
ubilization of the precipitated PEC. This is owed to
an excess of AFS molecules which instigate an
increasingly negative charge to the PEI/AFS colloid

and thus enhance its hydrophilic character. At very
high-AFS dosages, mainly small AFS molecules are
present, with few of them coating PEI molecules, as
is shown in Scheme 1.
The same principle behavior can be ascribed to all

AFS dispersant samples. The only difference being
that for AFS samples possessing a low degree of sul-
fonation, the amount of AFS required to form the
PEC and to disintegrate it is higher than for AFS
samples exhibiting a high DS.

Behavior of PEC in cement

The mechanistic study instigates that for AFS sam-
ples possessing lower DS, the dosage needed to form
the PEC is higher than for AFS with high DS. This
assumption is in agreement with the fluid loss experi-
ments exhibited in Table III. There, with decreased
DS of AFS samples, the dosage needed to achieve an
API fluid loss of <50 mL/30 min increases. For
example, the AFS sample possessing a DS of 0.5
required only a dosage of 0.25% BWOC, whereas for
AFS of DS ¼ 0.2, a dosage of 0.65% BWOC is needed
to reduce cement fluid loss <50 mL/30 min.
Next, steric size and stability of the PEI/AFS com-

plex in cement pore solution was investigated. For
this purpose, PEI and AFS (DS ¼ 0.5) solutions were
combined at the ratio corresponding to the isoelectric
point (Fig. 7), stirred for 10 min and 2 mL of the com-
bine were added to 2 mL of cement pore solution.

Scheme 1 Schematic illustration of individual steps leading to PEC formation and subsequent disintegration during titra-
tion of anionic AFS polyelectrolyte to an aqueous PEI solution (pH � 8); particle sizes shown are not to scale. [Color fig-
ure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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After stirring for 30 min, the hydrodynamic radii of
the PEI/AFS PEC were measured using a Zetasizer
instrument.

It was found that in cement pore solution, the size
of the PEI/AFS complexes generally are smaller
than in DI water. Compared with DI water, the
shrinkage observed in cement pore solution is 37%,
33%, 10 and 12% for the AFS samples possessing DS
values of 0.2, 0.3, 0.4, and 0.5, respectively. Owed to
the presence of Kþ, Naþ, Ca2þ, Al3þ, SO4

2�, and
OH� ions in cement pore solution (total electrolyte
content � 13 g/L), the charged polymers attain a
more coiled conformation.23 Consequently, the steric
size of the PEC diminishes. Owed to this effect, in
cement slurry a higher dosage of AFS is required
than in water to form sufficiently large and plenty
PECs required for effective physical pore plugging.
Nevertheless, the findings confirm that once formed,
PEI/AFS PEC are stable in the highly alkaline and
electrolyte loaded cement pore solution.

The presence of PEI/AFS PEC exercising a plug-
ging effect in the fresh cement filter cake was visual-
ized by ESEM images. Probing a filter cake obtained
from an HTHP filtration test as described above uti-
lizing 1% BWOC of PEI and 0.25% BWOC of AFS
(DS ¼ 0.5) revealed that in the top section of the fil-
ter cake, pores typically contained a very high con-
centration of organic polymer, as was evidenced via
EDX analysis by high carbon (35–45% rel. int.), nitro-
gen (9–13%) and sulfur contents (� 4.5%) (Fig. 9).
Whereas, in the solid matrix surrounding the pores
in the filter cake, calcium and silicon were the pre-
dominant elements, as is to be expected for hydrat-

ing Portland cement. When probing deeper into the
filter cake in vertical direction, the number of pores
filled with organic matter decreased rapidly. This
indicates that during formation of the cement filter
cake, initially a spurt loss of water is released and
concomitant deposition of cement particles occurs.
Once some gel-like or solid filter cake has formed,
the large PEI/AFS PEC particles begin to infiltrate
into the filter cake and, owed to their large size, start
to plug the pores of the cake. Through this mecha-
nism, the top layer of the cake now is sealed off, any
further water loss is effectively prevented and no
more deposition of cement particles occurs. The final
result is a cement filter cake possessing very low
permeability against water.

CONCLUSIONS

PEI works as an effective cement fluid loss additive
only if combined with an anionic polyelectrolyte
such as AFS which allows the formation of a large
and partly insoluble PEC. These particles physically
plug the pores of the cement filter cake. Successful
formation of the PEI/AFS complex depends on
many parameters such as mixing procedure, mixing
time, pH, molar ratio between the polymers and the
anionic charge amount present in PEI and AFS. All
of these factors strongly influence the fluid loss per-
formance of the PEI/AFS combination.
Apparently, PEC formation from PEI and AFS

solely relies on ionic interaction between these two
species. This result differs significantly from obser-
vations made for the PEI/SDS and PEI/cetyl
trimethyl ammonium bromide systems where non-
electrostatic, micelle-like cooperative interactions
contribute as well.
In aqueous solution, a pH-dependant equilibrium

between protonated cationic PEI and nonprotonated
neutral PEI exists. Addition of AFS consumes the
protonated PEI species via formation of a PEC
formed by ion-pairing between the cationic and ani-
onic polyelectrolytes. As a result of the equilibrium,
continuous production of the protonated PEI occurs
until all AFS is bound by cooperative interaction. At
this point, the PEC is neutral, it partly precipitates
from solution and has a large diameter of � 5–10
lm. Kinetics of the PEC formation is governed by
the protonation and association steps and seems to
be relatively slow, as was evidenced by reaction
times of at least 10 min. for PEI and AFS.
In highly alkaline cement pore solution, the cati-

onic character of PEI is reduced, due to the high pH
which disfavors protonation of PEI. Consequently,
and because of the high ionic strength existing in
cement pore solution, the hydrodynamic radius of
the PEC particles is less that in DI water. Still, PEI/
AFS complexes can be used successfully to provide

Figure 9 ESEM image of a fresh cement filter cake
obtained from HTHP filtration test of a Class G cement
slurry containing 1% BWOC of PEI and 0.25% BWOC of
AFS (DS ¼ 0.5); elemental mapping (rel. intensities) by
EDX analysis; positions no. 1–2: cement matrix; positions
no. 3–4: pores filled with particles of PEI/AFS PEC.
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fluid loss control to oil well cement slurries. For op-
timum effectiveness, successful and quantitative for-
mation of the PEC in the mixing water prior to
cement addition appears to be critical. The PEC par-
ticles enter the filter cake, lodge between the cement
grains, and prevent the water loss by physically
plugging the pores. This mechanism resembles the
effect of finely ground and sized particulate materi-
als used for cement fluid loss control such as ben-
tonite, microsilica, asphaltenes, and latex polymers.

Similar PECs and fluid loss reagents were obtained
when instead of AFS we used other anionic disper-
sants, namely melamine formaldehyde sulfite poly-
condensate, b-naphthalene sulfonate formaldehyde
polycondensate, and polycarboxylate copolymers
made from methacrylic acid and x-methoxy poly(eth-
ylene glycol) methacrylate ester were used. This dem-
onstrates the general applicability of our findings.
According to them, PEC exhibiting a particle size of
>1 lm can be used successfully for cement fluid loss
control. This presents a new method to achieve fluid
loss control for cement slurries.
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