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This article discusses the feasibility of using dendrimer
enhanced ultrafiltration (DEUF) to recover Cu(II) from aqueous
solutions. Building upon the results of fundamental
investigations of Cu(II) binding to PAMAM dendrimers
with ethylenediamine (EDA) core and terminal NH2 groups,
we combine (i) dead-end ultrafiltration (UF) experiments
with (ii) atomic force microscopy (AFM) characterization of
membrane fouling to assess the feasibility of using DEUF
to recover Cu(II) from aqueous solutions. On a mass basis,
the Cu(II) binding capacities of the EDA core PAMAM
dendrimers are much larger and more sensitive to solution
pH than those of linear polymers with amine groups. The
dendrimer-Cu(II) complexes can be efficiently separated from
aqueous solutions by ultrafiltration. The metal ion laden
dendrimers can be regenerated by decreasing the solution
pH to 4.0; thus enabling the recovery of the bound Cu(II)
ions and recycling of the dendrimers. The UF measurements
and AFM characterization studies show that EDA core
PAMAM dendrimers with terminal NH2 groups have very
low tendency to foul the commercially available regenerated
cellulose (RC) membranes evaluated in this study. The
overall results of these experiments suggest that DEUF is
a promising process for recovering metal ions such as Cu(II) from aqueous solutions.

Introduction
The discharge of toxic metal ions into surface water,
groundwater, and coastal water systems has caused a major
water contamination problem throughout the world (1).
Polymer enhanced ultrafiltration (PEUF) has emerged as a
promising process for recovering metal ions from contaminated water (2-10). In PEUF, a water-soluble polymer with
strong binding affinity for the target metal ions is added to
contaminated water. The resulting solution is passed through
an ultrafiltration membrane (UF) with pore sizes smaller
than those of the metal ion-polymer complexes. Highly
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TABLE 1. Selected Properties of EDA Core Gx-NH2 PAMAM
Dendrimers Evaluated in This Study
dendrimer
G3-NH2
G4-NH2
G5-NH2

Mwth
(Da)a

NNTb

NNH2c

pKNTd

pKNH2e

RG
(nm)f

RH
(nm)g

6906
14 215
28 826

30
62
126

32
64
128

6.52
6.85
7.16

9.90
10.29
10.77

1.65
1.97
2.43

1.75
2.5
2.72

a M
b N , number of tertiary amine
wth, theoretical molecular weight.
NT
groups. c NNH2, number of primary amine groups. d pKNT, pKa of dene
drimer tertiary amine groups (15). pKNH2, pKa of dendrimer primary
amine groups (15). f RG, dendrimer radius of gyration. For a dendritic
polymer with N atoms and molar mass M, RG ) (1/M〈||iN)1mi|ri - R|2|〉|0.5);
where R is the center-of-mass of the dendrimer, and ri and mi are
respectively the position and mass of atom i of the dendrimer (43). The
RG of the EDA Core Gx-NH2 PAMAM dendrimers were estimated from
small angle neutron scattering experiments (45). g RH, dendrimer
hydrodynamic radius. It is usually estimated using Einstein’s viscosity
relation RH ) (|ηM/10πN) (44); where M is the molar mass of the particle/
macromolecule, η is the intrinsic viscosity of its aqueous solution, and
N is Avogadro’s number. The RH of the EDA core Gx-NH2 PAMAM
dendrimers was estimated from dilute solution viscosity measurements
(45).

purified permeates have been obtained using PEUF (2-10).
Advances in macromolecular chemistry such as the invention
of dendritic polymers are providing unprecedented opportunities to develop high-capacity nanoscale chelating
agents for environmental and industrial separations. Dendritic polymers, which include random hyperbranched
polymers, dendrigraft polymers, dendrons, and dendrimers,
are emerging as key building blocks for a variety of nanoscale
materials and technologies (11-13). They consist of globular
macromolecules with three covalently bonded components: a core, interior branch cells, and terminal branch
cells (11-13). Dendrimer technology has been established,
which leads to either cone, spherical, or disk-like shaped
“soft” nanoparticles with very low polydispersity and sizes
in the range of 2-20 nm (11-13). These nanoparticles can
be functionalized with surface groups that make them soluble
in appropriate media or bind onto appropriate surfaces (1113). Alternatively, they can also be covalently linked to each
other to form high molecular weight megamers commonly
referred to as core-shell tecto(dendrimers) (12).
Poly(amidoamine) (PAMAM) dendrimers were the first
class of dendritic polymers to be commercialized (11-13).
PAMAM dendrimers with ethylenediamine (EDA) core and
terminal NH2 groups (the initial focus of this research) are
synthesized via a two-step iterative reaction sequence that
produces concentric shells of β-alanine units (commonly
referred to as generations) around the central EDA initiator
core (Figure 1). Selected physicochemical properties of these
dendrimers are given in Table 1. A number of key features
make PAMAM dendrimers particularly unique as chelating
agents. First, their high density of nitrogen ligands along
with the possibility of attaching functional groups such as
primary amines, carboxylates, hydroxymates, etc. to PAMAM
dendrimers can result in a substantial increase in binding
capacity for a variety of toxic metal ions [e.g., Cu(II), Ag(I),
Fe(III), etc.] (14-22). The well-defined molecular compositions, sizes, and shapes of PAMAM dendrimers have also
made them particularly attractive as (i) scaffolds for paramagnetic metal ions in magnetic resonance imaging (2325) and (ii) templates for the synthesis of metal-bearing
nanoparticles with electronic, optical, catalytical, and biological activity (26-35). Conventional models of complexation have typically described metal ion chelation in aqueous
solutions as a set of successive reactions between a central
10.1021/es048961r CCC: $30.25
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FIGURE 1. Structures of PAMAM dendrimers with EDA core and NH2 terminal groups (14).

TABLE 2. Cu(II) Binding Capacity (mg/g) of Gx-NH2 EDA Core PAMAM Dendrimers and Linear Polymers with Amine Groups in
Aqueous Solutions
binding capacity
pH ) 9.0

pH ) 6-8.0

pH ) 2.0-5.0

G3-NH2 PAMAMa
G4-NH2 PAMAMa
G5-NH2 PAMAMa
poly(ethyleneimine)b

420.0
451.0
395.31
nac

333.0 (pH ) 7.0)
329.0 ( 8.0 (pH ) 7.0)
308.0 ( 20.0 (pH ) 7.0)
153.0 (pH ) 6.0)

0
0
0
55 (pH ) 2.4)-189 (pH ) 4.0)

poly(ethylene pyridine 2-aldimine)b

na

120.0 (pH ) 6.0)

na

poly(ethylene aminodiacetic acid)b

na

120.0 (pH ) 6.0)

na

chelating ligand

a

The Cu(II) binding capacity (mg/g) of the Gx-NH2 EDA core PAMAM dendrimers was estimated from their measured Cu(II) extents of binding
(15). b The Cu(II) binding capacity of the linear polymers with amine groups were taken from Geckeler and Volchek (2). c na, not available.

metal ion (M), a ligand (L), and the proton (H+) or hydroxide
ion (OH-) (15, 36). The stability constants of a given metal
ion can be determined by fitting experimental data to the
corresponding chemical equilibrium and mass balance
equations. Although this approach has worked well for a
small ligand with a limited number of Lewis base donors
(e.g., a polydendate ligand or a macrocycle), it is not feasible
for nanoscale ligands with a large number of metal ion
binding sites such as proteins and dendrimers (15, 36).
Diallo et al. (15) have recently carried out an extensive
study of proton binding and Cu(II) complexation in aqueous
solutions of EDA core PAMAM dendrimers of different
generations (G3-NH2, G4-NH2, and G5-NH2) and terminal
groups [G4 PAMAM dendrimers with succinamic acid
(NHCOCH2CH2COOH) terminal groups, glycidyol (NHCH2CH(OH)CH2OH) terminal groups, and acetamide (NHCOCH3)
terminal groups]. In consistence with Tanford’s theory of
solute binding to macromolecules (37), they successfully used
the extent of binding (EOB) to quantify Cu(II) uptake by the
PAMAM dendrimers in aqueous solutions. The EOB of metal
ions in aqueous solutions of dendrimers are readily measured
by (i) mixing and equilibrating aqueous solutions of metal
ion + dendrimer, (ii) separating the metal ion laden dendrimers from the aqueous solutions by ultrafiltration (UF),
and (iii) measuring the metal ion concentrations of the
equilibrated solutions and filtrates by atomic absorption
spectrophotometry (14, 15). Table 2 compares the EOB of
Cu(II) in aqueous solutions of EDA core Gx-NH2 PAMAM
dendrimers to the Cu(II) binding capacities of selected lin-

ear polymers with amine groups. On a mass basis, the EOB
of Cu(II) to the Gx-NH2 PAMAM dendrimers are much larger
and more sensitive to solution pH than those of linear
polymers with amine groups that have been used in previous
PEUF studies (2). Figure 2 provides a compelling evidence
of the role of tertiary amine groups in the uptake of Cu(II)
by EDA core PAMAM dendrimers in aqueous solutions (15).
Both the G4-NH2 and G4-Ac EDA core PAMAM dendrimers
have 62 tertiary amine groups with a pKa of 6.75-6.85 (15).
However, the G4-NH2 PAMAM dendrimer has 64 terminal
groups with a pKa of 10.20. Conversely, the G4-Ac PAMAM
dendrimer has 64 non-ionizable terminal acetamide (NHCOCH3) groups. At pH 5.0, all the primary and tertiary amine
groups of PAMAM dendrimers become protonated (15). Not
surprisingly, Figure 2 shows that no binding of Cu(II) occurs
at pH 5 for both the G4-NH2 and G4-Ac PAMAM dendrimers.
Conversely, significant binding of Cu(II) is observed when
a significant fraction or all of the dendrimer tertiary amine
groups become unprotonated at pH 7.0 and pH 9.0 (15).
To gain insight into metal ion coordination with the
tertiary amine groups of PAMAM dendrimers, Diallo et al.
(15) employed extended X-ray absorption fine structure
(EXFAS) spectroscopy to probe the structures of aqueous
complexes of Cu(II) with EDA core Gx-NH2 PAMAM dendrimers at pH 7.0. Analysis of the EXAFS spectra suggests the
formation of octahedral complexes in which a Cu(II) central
metal ion is coordinated to four dendrimer tertiary amine
groups and two axial water molecules inside the dendrimers.
To account for the Cu(II) ions that are not specifically bound
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FIGURE 3. Two-site model of Cu(II) uptake by G4-NH2 PAMAM
dendrimer in aqueous solutions: model fit versus measured extent
of binding at room temperature and pH 7.0. Data are taken from
Diallo et al. (15).

TABLE 3. Formation Constants of Selected Metal
Ion-Ammonia Complexes and Estimated Binding Constants of
Cu(II) to the Tertiary Amines Groups of EDA Core Gx-NH2
PAMAM Dendrimers

FIGURE 2. Extent of binding of Cu(II) in aqueous solutions of EDA
core G4-NH2 and G4-Ac(NHCOCH3) PAMAM dendrimers as a function
of metal ion dendrimer loading and solution pH. Data are taken
from Diallo et al. (15).
to the dendrimers tertiary amine groups at pH 7.0, Diallo et
al. (15) hypothesized the formation of octahedral complexes
of Cu(II) with water molecules trapped inside the Gx-NH2
PAMAM dendrimers. They subsequently were able to formulate a two-site thermodynamic model of Cu(II) binding
to Gx-NH2 PAMAM dendrimers based on (i) the postulated
mechanisms of Cu(II) coordination with the dendrimer
tertiary amine groups and bound water molecules (15) and
(ii) Tanford’s theory of solute binding to macromolecules in
aqueous solutions (37). This model expresses the EOB of
Cu(II) in aqueous solutions (at neutral pH) of Gx-NH2 PAMAM
dendrimers as function of the metal ion-dendrimer loading
(NCu0/Nd), the number of dendrimer tertiary amine groups
(NdN), the number of water molecules bound to the dendrimers (NH2O-d), the metal ion-dendrimer tertiary amine
d
groups coordination number (CNCu(II)-N
), the metal iondendrimer bound water molecules coordination number
d
(CNCu(II)-H2O
), and the intrinsic association constants of Cu(II) to the dendrimer tertiary amine groups and bound water
d
d
molecules (kCu(II)-N
and kCu(II)-H2O
). Figure 3 highlights the
results of a preliminary evaluation of the model. All the data
used to evaluate the model are taken from Diallo et al. (15).
At low metal ion-dendrimer loadings, the model provides
a good fit of the measured EOB of Cu(II) for the G4-NH2
PAMAM dendrimer. The model also reproduces the increase
in the EOB observed at higher metal ion-dendrimer loadings
following the first plateau. Note that the two-site model can
also be used to estimate the binding constant of Cu(II)
d
d
[KCu(II)-N
) (NdN/kCu(II)-N
)] to the tertiary amine groups of a
d
Gx-NH2 PAMAM dendrimer. The KCu(II)-N
values for the G4NH2 and G5-NH2 EDA core PAMAM dendrimers are respectively equal to 3.15 and 3.78. As shown in Table 3, the binding
constants of Cu(II) to the tertiary amine groups of the GxNH2 PAMAM dendrimers (15) are comparable in magnitude
to the formation constants of Cu(II)-ammonia complexes
(38). Ammonia (NH3) is representative of metal ion chelating
agents with saturated N donors (38). Table 3 also suggests
that the Gx-NH2 PAMAM dendrimers will selectively bind
Cu(II) over first-row transition metal ions such as Co(II) and
1368
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metal
ion

log K1
(NH3)a

d
log KCu(II)-N
(G4-NH2)b

d
log KCu(II)-N
(G4-NH2)c

Cu(II)
Co(II)
Ni(II)
Na(I)
Mg(II)
Ca(II)

4.04
2.10
2.70
-1.1
0.23
-0.2

3.15
nad
na
na
na
na

3.78
na
na
na
na
na

a Data are taken from Martell and Hancock (38). b Estimated using
the two-site thermodynamic model of Cu(II) binding to Gx-NH2 PAMAM
dendrimers at neutral pH developed by Diallo et al. (15). c The Cu(II)
binding capacity of the linear polymers with amine groups were taken
from Geckeler and Volchek (2). d na, not available.

Ni(II) and alkaline earth metal ions in wastewater such as
Na(I), Ca(II), and Mg(II).
Building upon the results of our fundamental investigations of Cu(II) binding to PAMAM dendrimers (14, 15), we
have begun the evaluation and optimization of dendrimer
enhanced ultrafiltration (DEUF) as a cost-effective and
environmentally acceptable separation process for recovering
metal ions such as Cu(II) from aqueous solutions. The
dendrimer-enhanced filtration process (Figure 4) is a patented process (39) structured around two unit operations:
(i) a clean water recovery unit and (ii) a dendrimer recovery
unit. In the clean water recovery unit, contaminated water
is mixed with a solution of functionalized dendritic polymers
[e. g., dendrimers, dendrigfrat polymers, hyperbranched
polymers, core-shell tecto(dendrimers), etc.] to carry out
the specific reactions of interest (metal ion chelation in this
case). Following completion of the reaction, the resulting
solution is filtered to recover the clean water. The contaminant-laden dendrimer solutions are subsequently sent to a
second filtration unit to recover and recycle the functionalized
dendritic polymers (Figure 4). As a proof-of-concept study
of this novel water treatment process, we carried out deadend utrafiltration (UF) experiments to assess the feasibility
of using DEUF to recover Cu(II) from aqueous solutions. To
gain insight into membrane fouling, we used atomic force
microscopy (AFM) to characterize dendrimer sorption onto
model UF membranes. The overall results of these experiments suggest that DEUF is a promising process for recovering Cu(II) from aqueous solutions.

Experimental Procedures
Ultrafiltration Experiments. We focused on the evaluation
of the commercially available EDA core Gx-NH2 PAMAM

FIGURE 4. Recovery of metal ions from aqueous solutions by dendrimer enhanced ultrafiltration (39).
dendrimers (Figure 1). G3-NH2, G4-NH2, and G5-NH2 EDA
core PAMAM dendrimers were purchased from SigmaAldrich and used as received. Selected physicochemical
properties of the PAMAM dendrimers are given in Table 1.
Cu(II) was selected as model metal ion for this study. Reagent
grade Cu(NO3)2 from Sigma-Aldrich was used as source of
Cu(II). UF experiments were carried out to measure the
retention of dendrimers and Cu(II)-dendrimer complexes
by model UF membranes. The experiments were performed
in a 10-mL stirred cell (Amicon, model 8010) with an effective
membrane area of 4. 1 cm2. A 1-gal stainless steel dispensing
pressure vessel (Millipore) was connected to the stirred cell
using PVC tubing. The reservoir was also equipped with a
pressure gauge and relief valve. Pressure from nitrogen gas
was applied to the stirred cell via the reservoir at 450 kPa (65
psi). For each run, the initial volume was 1 L. During each
UF experiment, the stirred cell was operated for 4.5 h with
permeate collected every 30 min, and flux measurements
were taken every 10 min.
Ultracel Amicon YM regenerated cellulose (RC) and PB
Biomax polyethersulfone (PES) membranes from Millipore
were evaluated in this study. The RC and PES membranes
had a diameter of 25 mm with molecular weight cutoff
(MWCO) of 5000 Da (5 kDa) and 10 000 Da (10 kDa). For the
UF measurements of dendrimer retention in aqueous solutions, the concentrations of the G3-NH2 (2.42265 × 10-5 mol/
L), G4-NH2 (8.49762 × 10-6 mol/L), and G5-NH2 (5.31808 ×
10-6 mol/L) PAMAM dendrimers were kept constant in all
experiments. Dendrimer concentrations in the feed and
permeate solutions were measured using a Shimadzu model
1601 UV-visible spectrophotometer at a wavelength of 201
nm. A detailed description of analytical techniques [including
HPLC with UV-visible detection] used to characterize the
composition and purity of EDA core PAMAM dendrimers is
given elsewhere (15). For the UF measurements of the
retention of metal ion-dendrimer complexes, a Cu(II)
concentration of 10 mg/L (1.5738 × 10-4 mol/L) was used in
all experiments. The molar ratio of Cu(II) to dendrimer NH2
groups was also kept constant at 0.2 in all experiments. The

Cu(II)-dendrimer solutions were maintained under constant
agitation for 1 h in the dispensing pressure vessel following
adjustment of their pH with concentrated HCl or NaOH. The
pH of aqueous solutions of PAMAM dendrimers and their
complexes with Cu(II) can be controlled within 0.1-0.2 pH
unit by addition of concentrated NaOH or HCl (15). The
concentrations of metal ion in the feed and permeate were
determined by atomic absorption spectrophotometry (14,
15). Solute retention (R) was expressed as

(

R) 1-

)

Cp
× 100
Cf

(1)

where Cp and Cf are respectively the concentration of solute
[i.e., dendrimer and Cu(II)] in the permeate and feed. The
permeate flux Jp (L h-1 m-2) and normalized permeate flux
(Jpn) were expressed as

Jp )

Qp
AUF

(2)

Jp
Jpo

(3)

Jpn )

where Qp is the permeate flow rate (L h-1), AUF (m2) is the
effective area of the UF membrane, and Jpo (L h-1 m-2) is the
initial permeate flux through the clean membranes.
AFM Characterization Studies. AFM was employed to
characterize the interactions of selected EDA core Gx-NH2
PAMAM dendrimers and UF membranes evaluated in this
study. Each UF membrane was mounted on a perforated
aluminum sheet and stored overnight in a desiccators
following exposure to a dendrimer aqueous solution as
previously described. Tapping mode AFM experiments were
carried out using a Model Dimension 3100 AFM from Digital
Instruments. All AFM images were acquired at room temperature using etched silicon probes with a spring constant
of 20-100 N/m and a tip radius of 5-10 nm. The topographic
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FIGURE 5. Retention of EDA core Gx-NH2 PAMAM dendrimers in
aqueous solutions as a function of solution pH and membrane
chemistry.
and phase images of the clean and exposed UF membranes
were acquired simultaneously using a probe resonance
frequency of ∼300 kHz, a scan rate of 1 Hz, a free-oscillation
amplitude (Ao) of 60 nm ( 5 nm, and a set point to free
amplitude ratio (rsp) of 0.50-0.75.

Results and Discussion
Retention of EDA Core Gx-NH2 PAMAM Dendrimers by UF
Membranes. Figure 5 highlights the effects of dendrimer
generation and membrane chemistry on the retention of
EDA core Gx-NH2 PAMAM dendrimers in aqueous solutions
at pH 7.0 and room temperature. The retentions of the G5NH2 PAMAM dendrimer by the 10 kDa RC and PES membrane
are g97% in all cases. Such high retention values are expected
for the G5-NH2 EDA core PAMAM dendrimer, a globular
macromolecule with a low polydispersity and a molar mass
of 28 826 Da (Table 1). For the most part, retentions greater
than 90% are also observed for the G4-NH2 PAMAM dendrimer (Figure 5). This dendrimer is also globular in shape
and has very low polydispersity with a molar mass (14 215
Da) greater than the MWCO of the 10 kDa RC and PES
membranes (Table 1). Presently, we have no clear explanation
for the initial low retention (≈73%) of this dendrimer by the
10 kDa PES membrane. Possible explanation includes
measurement errors or the presence of impurities such as
unreacted EDA and other lower molar mass reaction
byproducts in the G4-NH2 PAMAM dendrimer sample (15).
Not surprisingly, Figure 5 also shows that the retentions
of the G3-NH2 EDA core PAMAM dendrimer are lower than
those of the higher generation dendrimers. This dendrimer
has the lowest molar mass (Table 1). Note that for both
membranes there is a significant retention of the G3-NH2
dendrimer even though the MWCO of the membrane is 45%
larger than the dendrimer molar mass (6906 Da). In fact, the
retention of the G3-NH2 dendrimer by the 10 kDa RC
membrane (Figure 5) is comparable to that of a linear
polyethyleneimine (PEI) polymer with an average molar mass
of 50-60 kDa (4). For UF membranes, the MWCO is usually
defined as the molar mass of a globular protein with 90%
1370
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FIGURE 6. Cu(II) retention in aqueous solutions of EDA core Gx-NH2
PAMAM dendrimers as a function of solution pH, membrane
chemistry, and molecular weight cutoff.
retention. Because dendritic polymers can be described as
hybrids between polymer chains and colloidal particles (40,
41), the use of the MWCO as indicator of dendrimer retention
by UF membranes might not be adequate. Table 1 gives the
radius of gyration (RG) and hydrodynamic radius (RH) of each
EDA core Gx-NH2 PAMAM dendrimer evaluated in this study.
RG provides a measure of the size of a particle/macromolecule
regardless of its shape (42, 43). Conversely, RH gives the size
of an “equivalent” spherical particle/macromolecule (44).
The RG and RH of the PAMAM dendrimers were estimated
from small angle neutron scattering experiments (45) and
dilute solution viscosity measurements (45), respectively.
They are comparable in magnitude to the mean pore surface
diameters (1.93-3.14 nm) of a series of UF membranes (110 kDa MWCO) that was recently characterized by Bowen
and Doneva (46). Whereas the molar mass of each Gx-NH2
PAMAM dendrimer increases by a factor of 2 at each
generation, Table 1 shows that the corresponding radii of
gyration and hydrodynamic radii increase linearly with
dendrimer generation. Table 1 also shows no significant
differences between the RG and RH of each Gx-NH2 PAMAM
dendrimer. We believe the slightly higher RH values could be
attributed for the most part to dendrimer hydration. Because
the differences in the retentions of the EDA core Gx-NH2

FIGURE 7. Permeate flux in aqueous solutions of Cu(II) + EDA core Gx-NH2 PAMAM dendrimer as a function of solution pH, membrane
chemistry, and molecular weight cutoff.
PAMAM dendrimers are (for the most part) comparable to
the differences between their radii of gyration and hydrodynamic diameter, the RG/RH appears to be a better indicator
of dendrimer retention by UF membranes in aqueous
solutions. The overall results of the measurements of
dendrimer retention by the 10 kDa RC and PES membranes
at pH 7.0 suggest that dendrimers such the Gx-NH2 EDA
core PAMAM have much less tendency to pass through the
pores of UF membranes than linear polymers of similar molar
mass because of their much smaller polydispersity and
persistent globular shapes in aqueous solutions over a broad
range of solution pH and background electrolyte concentration (11-13).
Retention of Cu(II)-Dendrimer Complexes by the UF
Membranes. Figure 6 highlights the effects of solution pH,
membrane chemistry, and MWCO on the retention of
aqueous complexes of Cu(II) with a G4-NH2 EDA core
PAMAM dendrimer at room temperature. A Cu(II) concentration of 10 mg/L (0.00016 mol/L) was used in all experiments. The molar ratio of Cu(II) to dendrimer NH2 groups
was also kept constant at 0.2 to ensure that all the Cu(II) ions
will be bound to the tertiary amine groups of the Gx-NH2
PAMAM dendrimers at pH 7.0 (15). As shown in Figure 6,
95-100% of the complexes of Cu(II) with the G4-NH2 PAMAM
dendrimer are retained by the RC membranes at pH 7.0. The
PES membranes also retain 92-100% of the Cu(II)-dendrimer complexes at pH 7.0. These results are consistent
with the measurements of dendrimer retention (Figure 5)
and metal ion binding measurements, which show that 100%
of the Cu(II) ions are bound to the G4-NH2 PAMAM dendrimer
at pH 7.0 and Cu(II) dendrimer terminal NH2 groups molar
ratio of 0.2. Consistent with the results of the metal ion
binding measurements and dendrimer extent of protonation
(15), no retention of Cu(II)-dendrimer complexes by the RC
membranes occurs at pH 4.0 (Figure 6). However, a small
retention of Cu(II) (∼10%) is initially observed for both PES
membranes at pH 4.0. Presently, we have no clear explanation
for this result. Possible explanations include measurement
errors or metal ion sorption onto the PES membranes.

Additional experiments are currently underway to address
this issue.
Figure 6 illustrates the effects of dendrimer generation
on the retention of Cu(II)-dendrimer complexes by the 10
kDa membranes at pH 7.0. Here again, the observed retention
values are consistent with the results of the dendrimer
retention measurements (Figure 5). Not surprisingly, higher
retention values are observed for the complexes of Cu(II)
with the G5-NH2 PAMAM dendrimer. Conversely, smaller
retention values for the Cu(II)-dendrimer complexes are
observed with the G3-NH2 PAMAM dendrimer (Figure 6).
Note that for both membranes, Figure 6 shows significant
retentions of Cu(II) complexes with the G3-NH2 dendrimer
[86-89% for the 10 kDa RC membrane and 80-97% for the
10 kDa PES membrane] even though the MWCO of each
membrane is 45% larger than the dendrimer molar mass.
These results also suggest that the MWCO of a UF membrane
might not be an adequate indicator of the retention of Cu(II)
+ dendrimer complexes by UF membranes in aqueous
solutions.
Permeate Fluxes through the UF Membranes. Fouling
is a major limiting factor to the use of membrane-based
processes in environmental and industrial separations (47,
48). A characteristic signature of membrane fouling is a
reduction in permeate flux through a membrane during
filtration. We measured the permeate fluxes of aqueous
solutions of Cu(II) complexes with Gx-NH2 PAMAM dendrimers through RC and PES membranes at pH 7.0 and pH
4.0. In these experiments, the Cu(II) concentration (1.5738
× 10-4 mol/L) and molar ratio of Cu(II) to dendrimer NH2
groups (0.2) were also kept constant. Figure 7 shows the
permeate fluxes through the RC and PES membranes. For
the 10 kDa RC membrane at pH 7.0, the permeate flux shows
little change over the course of the filtration varying from
124.0 to 116.0 L m-2 h-1. A similar behavior is also observed
at pH 4.0. However, in this case, the permeate fluxes are
approximately 16% higher. The permeate fluxes through the
5 kDa RC membranes also exhibit little variation (49.0-43.0
L m-2 h-1) during the course of the filtration at pH 7.0 and
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FIGURE 8. Normalized permeate flux in aqueous solutions of Cu(II) + EDA core Gx-NH2 PAMAM dendrimer as a function of solution pH,
membrane chemistry, and molecular weight cutoff.
pH 4.0 (Figure 7). Figure 7 also shows that dendrimer
generation does not significantly affect the permeate flux
through the 10 kDa RC membrane. This sharply contrasts
the significant decline of permeate flux observed for the 5
and 10 kDa PES membranes (Figure 7). Although the initial
permeate fluxes are much larger for the PES membranes,
significant flux declines (45-63%) occur during the filtration
of aqueous solutions of Cu(II) complexes with the G4-NH2
PAMAM dendrimer at pH 7.0 and pH 4.0 (Figure 7). In this
case, we also observe a significant impact of dendrimer
generation on the permeate flux of aqueous solutions of Cu(II)-dendrimer complexes through the 10 kDa PES membranes at pH 7.0. Figure 8 shows a decline in the normalized
permeate fluxes for both the RC and PES membranes during
the filtration of aqueous solutions of Cu(II) complexes with
Gx-NH2 PAMAM dendrimer at pH 7.0. For the 5 and 10 kDa
RC membranes, a small decrease in the relative permeate
flux (7-18%) is observed. However, this decrease (46-81%)
is much larger for the PES membranes. At pH 4.0, a significant
decrease in permeate flux (13-68%) is also observed for the
PES membranes. These results suggest that the PES membranes are more susceptible to fouling by the aqueous
solutions of Gx-NH2 PAMAM dendrimer + Cu(II) than the
corresponding RC membranes.
The mechanisms of fouling of UF membranes are not
well understood. For organic macromolecules such as
proteins, linear polymers, and humic acids, membrane
fouling may be caused by (i) concentration polarization
resulting from solute accumulation near a membrane surface,
(ii) pore blockage by solute sorption onto the surface of a
membrane or within its pores, and (iii) formation of a cake
layer by sorption/deposition of solutes on a membrane
surface (47, 48). To learn more about the fouling of the RC
and PS membranes by EDA core Gx-NH2 PAMAM dendrimers, we used the data analysis software IGOR Pro Version 4.0
from WaveMetrics, Inc. (49) to fit the normalized permeate
fluxes to two phenomenological models of membrane fouling
(Figure 8). The first model is a pore blockage model that
expresses the decline in the normalized permeate flux as an
exponential decay function (47, 48). This model did not
1372
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TABLE 4. Fitted Model Parameters for Normalized Permeate
Flux of Aqueous Solutions of EDA Core Gx-NH2 PAMAM
Dendrimers + Cu(II) through Polyethersulfone Membranes

dendrimer

membrane
MWCO
(kDa)

pH

k (h-1)a

na

χ2 b

G4-NH2
G4-NH2
G4-NH2
G4-NH2
G5-NH2
G3-NH2

10
10
5
5
10
10

7.0
4.0
7.0
4.0
7.0
7.0

2.98 ( 0.58
0.86 ( 0.13
0.62 ( 0.06
0.24 ( 0.05
1.53 ( 0.21
2.74 ( 0.75

0.31 ( 0.03
0.39 ( 0.03
0.36 ( 0.02
0.63 ( 0.05
0.30 ( 0.02
0.45 ( 0.05

0.016
0.007
0.001
0.001
0.016
0.037

a k and n are determined by fitting the measured relative permeate
fluxes to eq 4. b Goodness-of-fit parameter. χ2 ) ∑i(y - yi/σi); where y
is the fitted value, yi is the measured value, and σi is the estimated
standard deviation for yi (49).

provide a good fit of the data (results not shown). The second
model expresses the decline in the normalized permeate flux
as a power-law function (47, 48):

Jpn ) (1 + kt)-n

(4)

where k (h-1) is a filtration rate constant and n is a
dimensionless exponent. As shown in Figure 8 and Table 4,
this model provides a very good fit of the normalized
permeate flux for the all the PES membranes. For the G4NH2 PAMAM dendrimer, the estimated values of n for the
10 kDa PES membranes are 0.31 ( 0.03 at pH 7.0 and 0.39
( 0.03 at pH 4.0 (Table 4). For the 5 kDa PES membrane, the
n values are equal to 0.36 ( 0.02 at pH 7.0 and 0.63 ( 0.05
at pH 4.0 (Table 4). The n values for the G3-NH2 and G5-NH2
PAMAM dendrimers membranes are equal to 0.45 ( 0.05
and 0.30 ( 0.02, respectively, for the10 kDa PES membranes
at pH 7.0. For dead-end ultrafiltration, Zeeman and Zydney
(47) and Kilduff et al. (48) have shown that the decline in
permeate flux can be described by a pore constriction model
when n ∼ 2. This model assumes that the rate of change in
the membrane pore volume is proportional to the rate of

FIGURE 9. AFM images of clean and fouled regenerated cellulose membranes. The scan area is 5 µm × 5 µm. The fouled membrane
was exposed to an aqueous solution of 1.2295 × 10-5 mol/L G4-NH2 EDA core PAMAM at pH 7.0 for 4.5 h as described in the Experimental
Procedures.
particle convection to the membrane surface. When n ∼ 0.5,
the decline in permeate flux in a dead-end ultrafiltration
process can be described by a cake filtration model (47, 48).
This model attributes the loss of permeate flux to particle
deposition on the membrane surface. On the basis of the
estimated n values given in Table 4, the sorption and
deposition of dendrimer + Cu(II) complexes onto the
membrane surfaces appears to be a plausible fouling

mechanism for the PES membranes. We also believe that the
small decline in the normalized permeate fluxes (7-18%)
through the 5 and 10 K RC membranes (Figure 8) could also
be attributed to the sorption of dendrimer-Cu(II) complexes
onto the membrane surfaces.
AFM Characterization Experiments. To gain insight into
the relationship between dendrimer sorption and membrane
fouling, we used AFM to characterize RC and PES membranes
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FIGURE 10. AFM images of clean and fouled polyethersulfone membranes. The scan area is 5 µm × 5 µm. The fouled membrane was
exposed to an aqueous solution of 1.2295 × 10-5 mol/L G4-NH2 EDA core PAMAM at pH 7.0 for 4.5 h as described in the Experimental
Procedures.
that have been exposed to a G4-NH2 PAMAM dendrimer at
pH 7.0 during the filtration experiments. AFM has emerged
as a powerful tool for charactering filtration membranes (46,
47, 50-54). AFM has also successfully been used to characterize Gx-NH2 PAMAM dendrimers adsorbed onto solid
surfaces (55-57). Figures 9 and 10 show AFM images of clean
and fouled 10 kDa RC and PES membranes. A scan area of
5 µm × 5 µm was used in all the AFM experiments. The
1374
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fouled membranes were exposed to aqueous solutions of
1.2295 × 10-5 mol/L G4-NH2 EDA core PAMAM at pH 7.0 for
4.5 h as described in the Experimental Procedures. The AFM
images were subsequently analyzed (58) to determine the
roughness parameter (RMS), the mean roughness (Ra), and
the maximum height (Rmax) along two different sections. The
results of this analysis are given in Table 5 and Supporting
Information. To the best of our knowledge, these are the first

TABLE 5. Section Analysis of AFM Images of Clean and Fouled
Regenerated Cellulose (RC) and Polyethersulfone (PES)
Ultrafiltration Membranes
membrane
10 kDa RC
10 kDa RC
10 kDa PES
10 kDa PES

status

RMS (nm)a

Ra (nm)b

cleand
4.63-3.45
2.09-1.73
foulede
9.20-6.56
5.46-3.32
d
clean
14.96-13.07 11.76-9.28
foulede 14.07-14.22
9.90-10.25

Rmax (nm)c
51.48-36.58
55.23-49.17
51.75-47.56
61.66-65.86

a RMS is the standard deviation σ ) (∑ (Z - Z
i i
ave)/N (58); where Zi is
the height at point i, Zave is the average height, and N is the number
i
between
the
reference
markers.
The
reference
markers are
of points
the red triangles of the AFM images shown in Figures SI1-SI4 in the
Supporting Information. b Ra is the “mean roughness”. Ra ) 1/L ∫L0 |f(x)|
dx (58), where L is the length of the roughness curve and f(x) is the
roughness curve relative to the center line [see the Analysis of Figures
SI1-SI4 section in the Supporting Information]. c Rmax is the “maximum
height” (58). It is the difference in height between the highest and lowest
points on the cross-sectional profile relative to the center line [see the
Analysis of Figures SI1-SI4 section in the Supporting Information].
d As received from Millipore. e Exposed to a 1.2295 × 10-5 mol/L aqueous
solution of G4-NH2 PAMAM dendrimer in a 10-mL dead-end stirred cell
(Amicon, model 8010) during 4.5 h as described in the Experimental
Procedures section.

published AFM images of Gx-NH2 PAMAM dendrimers
sorbed onto the surface of UF membranes. Except for the
presence of a few “rough” spots, the clean 10 kDa RC
membrane exhibits a smooth and uniform skin. Conversely,
the PES membrane exhibits a dense, tightly, packed and
grainy structure characteristics of membranes with nodular
skin morphology (47). The RMS and Ra of the clean PES
membrane are significant larger than those of the clean RC
membrane (Table 5). As shown in Figure 9, only a small
fraction of the fouled RC membrane is covered by the sorbed
G4-NH2 PAMAM dendrimers. Although we were not able to
fully resolve the location of individual dendrimer molecules,
most of the sorbed dendrimer molecules appear to cluster
around the “rough” spots of the RC membrane surface (Figure
9) thereby suggesting that dendrimer sorption in this case
is a nonspecific process primary driven by membrane surface
roughness (50, 53). This sharply contrasts the extensive
coverage of the PES membrane surface by sorbed dendrimers
(Figure 10). Here we believe that dendrimer sorption on the
PES surface is mediated by electrostatic attractions between
the protonated terminal NH2 groups of the G4-NH2 PAMAM
dendrimer (Figure 3) and the negatively charged PES
membranes at pH 7.0. The overall results of the AFM
experiments suggest that there is a significant correlation
between the extent of dendrimer sorption and membrane
fouling. Additional experiments are underway to further
assess this correlation.
Environmental Implications. As stated in the introductory section, polymer enhanced ultrafiltration (PEUF) has
emerged as a promising process for recovering metal ions
from aqueous solutions (2-10). The efficiency of PEUF-based
processes for treatment of water contaminated by metal ions
will depend on several factors including: (i) polymer binding
capacity and selectivity toward the targeted metal ions; (ii)
polymer molar mass and responsiveness to stimuli such as
solution pH; (iii) polymer sorption tendency onto UF
membranes; and (iv) polymer stability and toxicity. An ideal
polymer for PEUF treatment of water contaminated by metal
ions should be highly soluble in water and have a high binding
capacity/selectivity toward the targeted metal ions along with
a low sorption tendency toward UF membranes. Its molar
mass should be high enough to ensure complete retention
of the metal ion-polymer complexes by UF membranes
without significant polymer leakage and decrease in permeate
flux. The metal ion binding capacity of an ideal polymer for
PEUF should also exhibit sensitivity to stimuli such as solution
pH over a range broad enough to allow efficient recovery

and recycling of the polymer by a simple change of solution
pH. An ideal polymer for PEUF should also be nontoxic and
stable with a long life cycle to minimize polymer consumption.
On a mass basis, the Cu(II) binding capacities of the GxNH2 PAMAM dendrimers are much larger and more sensitive
to solution pH (Table 2) than those of linear polymers with
amine groups that have been used in previous PEUF studies
(2). Table 3 shows that Na(I), Ca(II), and Mg(II) have very low
binding affinity toward ligands with N donors such as NH3.
Thus, the high concentrations of Na(I), Ca(II), and Mg(II)
found in most industrial wastewater streams are not expected
to have a significant effect on the Cu(II) binding capacity
and selectivity of EDA core Gx-NH2 PAMAM dendrimers. As
shown in Figure 6, separation of the dendrimer-Cu(II)
complexes from solutions can simply be achieved by ultrafiltration. The metal ion laden dendrimers can also be
regenerated by decreasing the solution pH to 4.0 (Figure 6).
Dendritic macromolecules such the Gx-NH2 EDA core
PAMAM dendrimers have also much less tendency to pass
through the pores of UF membranes (Figure 5) than linear
polymers of similar chemistry and molar mass (2, 4) because
of their much smaller polydispersity and globular shape (1113). They have also a very low tendency to foul the
commercially available RC membranes evaluated in this study
(Figures 7-9). Whereas the intrinsic viscosity of a linear
polymer increases with its molar mass, that of a dendrimer
decreases as it adopts a molar globular shape at higher
generations (12, 13). Because of this, dendrimers have a much
smaller intrinsic viscosity than linear polymers with similar
molar mass (12, 13). Thus, comparatively smaller operating
pressure, energy consumption, and loss of ligands by shearinduced mechanical breakdown could be achieved with
dendrimers in tangential/cross-flow UF systems typically
used to recover metal ions from contaminated water (2).
These unique properties of the Gx-NH2 EDA core PAMAM
dendrimers along with their low toxicity (59) make dendrimer-enhanced ultrafiltration (Figure 4) a particularly
attractive process for recovering metal ions such as Cu(II)
from contaminated water. Additional experiments are underway to optimize DEUF as a cost-effective and environmentally acceptable process for recovering metal ions from
industrial wastewater solutions.
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