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ABSTRACT: Chelating properties of poly(allylamine) (PAA) have been examined quantitatively for the
heavy-metal ions Ni%*, Cu?*, Zn?*, Cd**, and UQ,**, Potentiometric titrations were performed and analyzed
according to the modified Bjerrum method to give successive and overall stability constants, k, and K,,,
respectively. Continuous variation analysis of PAA-Cu?* and PAA-Ni** complexes examined by spectro-
photometry revealed that the most stable complex is formed at the unit ratio of allylamine/Cu?* = 3 (rather
than 4) and allylamine/Ni?* = 4, respectively. Then, three resins for recovery of uranium from seawater are
derived: cross-linked PAA (CL-PAA), PAA modified by acrylic acid and cross-linked (AcCL-PAA), and CL-PAA
modified by phosphorous acid/formaldehyde (PhosCL-PAA). The last resin showed the highest adsorption
ability for uranium; i.e., 500 mg of the resin recovered 12.9 ug of uranium from 5 L of seawater at 25 °C for
24 h, which corresponds to 78% of uranium in the original seawater.

Introduction

Recently, Harada and Hasegawa first succeeded in the
preparation of higher molecular weight poly(allylamine)
(PAA) of a clear-cut structure.! PAA is a polymer having
pendant primary amino groups. We have undertaken
quantitative investigations on the chelating properties of
linear and branched poly(ethylenimines).? Linear poly-
(ethylenimine) (LPEI) contains only secondary amino
groups in the main chain whereas a commercial poly-
(ethylenimine) (BPEI) has a branched structure consisting
of primary, secondary, and tertiary amino groups in a ratio
of approximately 25%, 50%, and 25%, respectively.?
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It is worthwhile, therefore, to evaluate quantitatively the
difference in chelating abilities of these polyamines of
different structures. Poly(vinylpyridine) can also be cited
as a family polymer of PAA having pendant amine groups.*
The present paper deals with the determination of stability
constants in the chelate -formation of PAA with several
heavy-metal ions and with the preparation of resins from
PAA for the uranium recovery from seawater,

Experimental Section

Materials. A polymer salt PAA-HCI (the weight-average
molecular weight = 10000 determined by equilibrium sedimen-
tation method) was supplied from Nitto Boseki Co., Tokyo, Ja-
pan.® PAA itself was obtained by treating the salt with a strong
anion-exchange resin, Amberlite IRA-402 (Rohm and Haas, Co.),
as transparent caramel-like materials. Nonaethylene glycol di-
glycidy! ether or ethylene glycol diglycidy! ether (Nagase Chemical
Co., Hyogo, Japan) was employed as a cross-linking agent. A
commercial reagent of acrylic acid was purified by vacuum dis-
tillation under nitrogen. Phosphorous acid, 35% formaldehyde
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aqueous solution, the heavy-metal salts, NiCl,, CuCl,:2H,0, ZnCl,,
CdCl,, UO4(CH;3CO05)5-2H,0 (Merck Co.), and 2,7-bis(2-arsono-
phenylazo)-1,8-dihydroxynaphthalene-3,6-disulfonic acid (Arse-
nazo III, Dotite reagent) were commercially available reagents,
which were used as received.

Preparation of Resins, Free PAA (3.8 g, 67 unit mmol) and
nonaethylene glycol diglycidyl ether (3.5 g, 7.0 mmol) were dis-
solved in 25 mL of water and the mixture was stirred at room
temperature. The reaction mixture solidified within several
minutes and was kept at 100 °C for an additional 24 h. Water
was evaporated off the mixture in vacuo at 100 °C. The solid
was further pulverized to give a white powder. Then, the powder
was washed several times with water and dried in vacuo at 100
°C to give cross-linked PAA (CL-PAA) quantitatively.

A mixture of PAA (3.8 g, 67 unit mmol) and acrylic acid (3.0
g, 42 mmol) in 25 mL of water was refluxed for 30 min® and the
mixture became viscous. Then, ethylene glycol diglycidyl ether
(0.92 g, 5.3 mmol) was added to the mixture with stirring at room
temperature. After a few minutes the mixture solidified like jelly.
The mixture was heated at 120 °C for 24 h. The resulting white
solid product was washed with water several times, separated by
filtration, and dried in vacuo at 60 °C to give 7.6 g of resin modified
with acrylic acid (AcCL-PAA). Anal. Found: C, 52.78; H, 9.78;
N, 10.99. This result leads to the unit ratio of acrylic acid/al-
lylamine = 0.66, which is close to the feed ratio of 0.63.

A mixture of resin CL-PAA (7.0 g in 70 mL of water), phos-
phorous acid (15 g in 20 mL of water), concentrated HCI aqueous
solution (15 mL), and 35% formaldehyde aqueous solution (35
mL) was placed in a 300-mL round-bottomed flask.” The mixture
was refluxed for 5 h. The resulting resin was separated by fil-
tration and dried in vacuo at 60 °C to give 8.5 g of CL-PAA having
(aminomethyl)phosphonic acid groups (PhosCL-PAA). Anal.
Found: N, 3.47; P, 4.42. This result reveals the unit ratio of
phosphonic acid/allylamine = 0.57.

Recovery and Spectroscopic Determination of Uranium.
An experiment of uranium recovery from seawater using
PhosCL-PAA resin is given as a typical example. Powdered
PhosCL-PAA resin (500 mg) was placed in 5.0 L of seawater taken
at the Straits of Kanmon in the Inland Sea of Japan. The mixture
was kept at 25 °C and stirred gently for 24 h. The resin was
separated by filtration. Adsorbed uranyl ions were desorbed by
treating the resin with 0.7 mL of 5% (NH,),CO; aqueous solution
at 50 °C for 1 h. The resin was separated by filtration and washed
with 10 mL of water. This desorption procedure was repeated
three times. To the combined (NH,),CO; solution, 1 mL of 8 N
HCI solution was added. The mixture was concentrated in vacuo
at 50 °C to the total volume of 1 mL. To this residual solution
were added about 5 mL of water, 13.0 mL of 60% aqueous per-
chloric acid solution, 1.0 mL of 10% hydrazine hydrochloride,
and 2.0 mL of 0.2% Arsenazo III aqueous solution. To this
mixture was added water until the total volume of the mixture
reached 25.0 mL. Then, the visible spectrum of the mixture was
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Figure 1. 5,,/C-pH relationship of PAA at 25 °C in water: C
= 0.86 g/dL in the presence of a salt [KCl] = 1.0 mol/L.

measured. On the basis of the absorbance at 655 nm, whose
caribration curve was separately obtained, the amount of uranium
was determined to be 12.9 ug,® which corresponds to 78% of the
uranium present in the original seawater.

Measurements. Potentiometric titration was carried out by
employing a Horiba M-8 Type pH Meter. Visible spectra for the
Arsenazo II1 method were recorded on a Hitachi Model 200-20
spectrophotometer. The specific viscosity was measured by using
an Ubbelohde viscometer at 25 °C at the polymer concentration
of C = 0.86 g/dL. The pH value was adjusted by a HC! or NaOH
aqueous solution.

Results and Discussion

Stability Constants for Chelate Formation. As seen
in Figure 1, the specific viscosity 1,,/C (dL/g) of PAA in
water is not changed at the pH range <7 and becomes
lower with increasing pH value 7. This phenomenon
suggests that at pH <7 polymer chains are stretched due
to the charge repulsion of ammonium groups but this kind
of repulsion diminishes with an increase of pH to allow
polymer chains to become less stretched. This behavior
of PAA is different from that of an analogous polyamine
poly(vinylamine).® The pH dependency of the sedimen-
tation coefficient of poly(vinylamine) showed the poly-
(vinylamine) molecule to be most extended at neutral pH
and partially collapsed in either acid or base. This anom-
alous behavior was explained by assuming a very stiff
structure at the intermediate pH being stabilized by H
bonding between neighbor ammonium and amine groups,
probably involving a six-membered H-bonded interme-
diate.” In the PAA case, however, such an intermediate
is not available.

To shed light on the chelating ability of PAA, a poten-
tiometric titration method was used to determine stability
constants in the chelation between PAA and several
heavy-metal ions. The analysis was performed according
to the modified Bjerrum method.’® Figure 2 shows typical
titration curves of PAA-HCI with 0.1 N NaOH in the ab-
sence and in the presence of CuCl,. The ionic strength u
= 1.0 mol/L was kept constant with a neutral salt, KCl.
From curve 1, it is clear that PAA-HCI behaves.as a mo-
nobasic acid. The presence of CuCl, makes the system
more acidic due to the chelation of Cu?* to nitrogen atoms
of PAA. The more the amount of CuCl,, the more acidic
the system becomes.

From the data of the simple neutralization curve (1) of
Figure 2, plots were made according to the so-called
Henderson-Hasselbalch equation

pH = pK, - m log (1)

where o denotes the degree of neutralization and K, is the
average dissociation “constant”. In Figure 3 an inflection
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Figure 2. Titration curves of PAA-HCI ([PAA-HCI] = 2.00 X
1072 mol/L; 50.0 mL of u = 1.0 mol/L (KCl)) with 0.1 N NaOH:
(1) no metal ion present; (2) Cu®* = 5.00 X 10™ mol/L; (3) Cu?*
= 1.00 X 107® mol/L; (4) Cu®* = 2.00 X 107 mol/L; (5) Cu?* =
4.00 % 1073 mol/L.
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Figure 3. Plots of eq 1.

point is observed at @ = 0.7. At an « value range between
0.1 and 0.7 eq 1 is valid and a value of m = 1.85 is obtained.
The m value is considered as a measure of interactions of
neighboring groups. With this respect the m value of PAA
is very close to that of poly(acrylic acid) (m = 1.4-2.0 under
different ionic strength).!®

The modified Bjerrum method can be analyzed as fol-
lows.}® The average number of complexing sites toward
a metal ion, 7 in this case, and the concentration of free
ligand that is bound neither to a metal ion nor a proton,
[PAA] in this case, are to be determined from measure-
ment data. The following relationships can be given for
i, [PAA], [PAA-H*), and K,;

[PAA,] - [PAA] - [PAA-H?]

n= [metal,] @
[PAA-H*] = [PAA](1 - o) - [H*] + [OH] (3)
_ [PAA][H"] [PAA] m-1 “

® " [PAA-H*] {[PAA,] - [PAA] )

where [metal;] and [PAA,] are the total metal ions and
PAA unit concentrations, respectively. Equation 3 is the
electroneutrality requirement. Values of K, (2.14 X 10710
and m (1.85) from eq 1 and values of [PAA-H*] from eq
3 are introduced into eq 4, giving rise to [PAA] values.
From these values, 7 can be obtained based on eq 2. Plots
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Figure 4. Formation curves for PAA complexes with five metal
ions.

Table I
Stability Constants of PAA for Five Heavy-Metal Ions at
25 °C, ¢ = 1.0 mo)/L (KC1)

metal log log log log log log

ions kl k2 k3 k4 K3 K4
Niz* 272 259 248 2.22 10.0
Cu?* 375 357 304 (15)* 104 (1L9)°
Zn%* 3.08 2.92 2.51 (2.2)° 8.5 (10.7)¢
Cd* 2.71 2.46 2.08 (1.9)° 7.3 (9.2)°
U0, 438 402 264 11.0

4Values are those obtained by the extrapolation of the respec-
tive formation curve.

of p[PAA] vs 7 give a formation curve (Figure 4), from
which a successive stability constant %, is determined

log k, = —log [PAA]ﬂ=n—1/2 = p[PAA]ﬁ=n—1/2 (5)

Then, the overall stability constant Ky is given as

N
K N~ H kn (6)
n=1 }

Table I shows values of the stability constant thus ob-
tained. The formation curve for Ni?* can be drawn in the
wide range of 0.1 <7 < ~3.7 and hence k,, (n = 1-4) values
could definitely be determined. However, the curves for
the three metal ions Cu?*, Zn?*, and Cd?* could not be
given in the range beyond 7i = 3. Therefore, values of &,
(n = 1-3) could be determined but those of k, for these
metal ions were only determined for reference by extrap-
olating the respective curve as indicated by the broken
lines (Figure 4). The ion UQ,** behaved in a different way;
it forms complexes with PAA very strongly at the first and
second ligand of amino groups, and from the third amino
group ligand the chelation becomes much weaker.

Judging from values of the overall stability constant (K,
or K,), PAA is a better ligand for chelation with these
metal ions than other amine type polymers such as poly-
(vinylpyridine).* But, PAA has almost the same chelating
ability as linear poly(ethylenimine).?
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Figure 5. Visible spectra of PAA-Cu®** and PAA-Ni?* complex
solutions. Measurement conditions: [PAA] + [Cu®*] = 6.57 X
102 mol/L, [PAA]/[CuCl,] = 3.0, and water as a reference sample
at pH = ~8.5; [PAA] + [Ni?*] = 0.10 mol/L, [PAA]/[NiCl,] =
4.0, and a 0.02 mol/L of NiCl, aqueous solution as a reference
sample at pH = 9.0.
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Figure 6. Continuous variation analysis of the PAA-Cu?* com-
plexes measured at 630 nm with x = 0.1 mol/L (KCl) at 25 °C.
Total concentrations; [PAA] + [Cu?*] = 6.57 X 1072 mol/L (0)
and 6.57 X 107 mol/L (a).

Continuous Variation Analysis. Figure 5 shows
visible spectra of PAA-Cu?" and PAA-Ni?* solutions
which exhibit an absorption maximum at 630 and 620 nm,
respectively, as observed for polyamine~Cu®* complexes.*
The absorption of the Cu?* complexes is much stronger
than that of the Ni%* complexes.

Figure 6 indicates the result of continuous variation
analysis of the PAA-Cu?* system measured at 630 nm at
the total concentration of 6.57 X 1072 and 6.57 X 107
mol/L. A maximum is observed at the ratio of [PAA]/
[Cu?*] = 8.0 in both cases. The absorbance at the ratio
[PAA]/[Cu?*] = 3.5 is slightly weaker than that of 3.0 but
that of 4.0 is clearly less than those at 3.0 and 3.5. These
observations indicate that the predominant species under
the experimental conditions is a complex having a ligand
ratio amine group:Cu?* = 3:1. It is known that Cu®* forms
the most stable complex with four ligands of amines, e.g.,
pyridine ligands of a partially quaternized poly(vinyl-
pyridine).* However, the present result shows that PAA
forms complexes with Cu®* by coordinating three amino
groups rather than four. These observations are in accord
with the results of potentiometric titrations, in which plots
of p[PAA] vs. i did not give correlations beyond 72 = 3.0
(Figure 4) and hence k, could not be determined definitely.

The PAA-Ni?* solutions were similarly examined by
comparing the absorption at 620 nm at the total concen-
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Figure 7. Continuous variation analysis of the PAA-Ni%* com-
plexes measured at 620 nm at pH = 9.0 with x = 0.1 mol/L (KCl)
at 25 °C. Total concentration [PAA] + [Ni?*] = 0.10 mol/L.

tration of 0.10 mol/L (Figure 7). A maximum is clearly
onserved at the ratio of [PAA]/[Ni**] = 4.0, indicating that
PAA forms the most stable complexes with Ni?* having
four coordinating amino groups. These observations may
be taken again to explain the observations of potentio-
metric titrations, in which plots of p[PAA] vs. 77 were made
until 7 ~3.7 and hence the k, value was determined un-
ambiguously.

Recovery of Uranium from Seawater. It becomes
increasingly important to secure energy resources. One
of possible ways is to recover uranium from seawater. A
most serious problem involved here is that seawater con-
tains only a small amount of uranyl ion (UQ,%*) (~3.3
ppb)!! as a mixture of large amounts of various ionic
species such as Na*, Mg?*, Ca?*, K*, Sr?*, etc. Therefore,
the adsorbent for recovery of uranium from seawater is
required to be rapid in rate for adsorption and to be se-
lective for uranyl ions.!! For this reason, various organic
adsorbents have been designed!? and inorganic adsorbents
such as titanium oxide have also been employed.!?

An attempt has been made in this study to use PAA for
recovery of uranium. For the sake of convenient handling,
PAA has been converted into resins by cross-linking with
a bisepoxide to give CL-PAA. Further modifications were
made by reacting with acrylic acid® and with a form-
aldehyde/phosphorous acid system,” giving rise to AcCL-
PAA and PhosCL-PAA, respectively.

W\/THCHZ\/\I\A V/\(‘OCHZCHZ-)gO/W

CL-PAA
CHaNH,
PAA
AVANGFELINGZaN
CHp=CHCOH O °/\\§
PAA
CHoNHCH,CH,CO,H
AcCL-PAA
W\ACHCHZ'WV\
CHo0/HP{OHOH) o/ HCI
CL-PAA —m—r-m——————
CHoNHCH,POH
OH
PhosCL-PAA

First, powdered resins of the above samples were em-
ployed to adsorb uranyl ions, UO,?*. A sample resin (50
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Table I1
Recovery of Uranium
from UQ,** solution® from

b

% U recvd % U recvd seawater

with stirring  with stirring U recvd,

resins for 2 h for4 h ug/g-resin
CL-PAA 92.8 7.5 (23%)°
AcCL-PAA 93.3 95.4 11.7 (35%)°
PhosCL-PAA 91.4 98.2 25.6 (18%)°

%Resin = 50 mg in 1.0 mL of UQ,** (50 ppm) at pH 8.2 (H;BO;,
KCl1-NaOH, Na,CO; buffer ([CO;?] = 2 X 107 mol/L)). ®Resin =
500 mg in 5.0 L of seawater at 25 °C with stirring for 24 h. ¢The
value in parentheses corresponds to the percent of the total urani-
um present in the original seawater.

mg) was suspended in 1.0 mL of water containing 50 ppm
UO4(0Ac), at pH 8.2, which is the same as that of sea-
water, and stirring was continued for 1 h or for 4 h at room
temperature. The resins were separated by filtration and
treated three times with 10% Na,CO, aqueous solution.
The amount of the desorbed uranium was determined by
spectrophotometry based on the method using Arsenazo
III8 (Table IT). It is seen that UQ.** was recovered almost
quantitatively from an aqueous UQ,?* (50 ppm) solution
with all three resins.

Next, uranium recovery experiments from seawater were
carried out for these resins by using a batch method: 500
mg of a powdered resin was placed in 5.0 L of seawater and
the mixture was stirred for 24 h at 25 °C. Then the resin
was separated by filtration and the uranyl ions were de-
sorbed by treating three times with a 5% (NH,),CO;
aqueous solution. The amount of recovered uranium was
determined similarly (Table II). It is striking that the
adsorption ability of uranyl ions from seawater is very
different for three resins. CL-PAA itself is a moderately
effective resin for the uranium recovery from seawater.
Modification of CL-PAA with acrylic acid somewhat in-
creased the ability. CL-PAA modified with form-
aldehyde/phosphorous acid showed a very enhanced ad-
sorption ability: 78% of the uranyl ions present in the
original seawater was recovered by PhosCL-PAA.

The above data are enough to describe that an (ami-
nomethyl)phosphonic acid type resin (PhosCL-PAA) is
very effective for recovery of uranium from seawater, al-
though further experiments for optimization are required.
Similar types of resins from BPEI have been prepared and
a study on the recovery of uranium by these resins is also
in progress in our laboratories.
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Poly(pyrrol-2-ylium tosylate): Electrochemical Synthesis and
Physical and Mechanical Properties

Kenneth J. Wynne*! and G. Bryan Street*
IBM Research Laboratory, San Jose, California 95193. Received January 30, 1985

ABSTRACT: Poly(pyrrolylium tosylate) may be prepared by the electrochemical polymerization of pyrrole
in acetonitrile utilizing tetraethylammonium tosylate as a supporting electrolyte without special precautions
to exclude air. Pyrolytic carbon electrodes allow the use of high currents, which shortens preparative time
(e.g., 80 mA, 3V, 4 h) and yields large samples (50 mm X 90 mm X 0.13 mm). As-prepared poly(pyrrolylium
tosylate) films contain 4—6% by weight acetonitrile and 2-3% water. When an applied potential of 3 V (=80
mA) is utilized, films of composition [(CH;N)(CH3CqH,SO3)o.43], are obtained after removal of volatiles at
100 °C and 1073 torr for 18 h. This is the first time that an analytically pure, anhydrous, poly(pyrrolylium
anion) film has been prepared without utilizing dry-atmosphere techniques. The analytical data show that
neither irreversible oxidation nor hydrogenation of the pyrrole moiety occurs, even in the presence of water.
The anion/polycation segmer ratio found for these films (0.43) is higher than that observed previously (0.28-0.32)
and may be due to the higher applied potential utilized. Films of [(CH;N)(CH;CgH,SO05)g 4], are hygroscopic,
taking up ~3% water to form [(C,H;N)(CH3C¢H,S05)g431+'/ 4H0 within 12 h. Slower water uptake continues,
reaching ~5% over the course of 3 months. This water absorption is reversible, the original composition being
obtained after removal of water at 100 °C for 24 h. [(C,H;N){CH3C¢H,SO3), 43, exhibits a tensile strength
of 69 MPa (1 x 10* psi), a Young’s modulus of 2 GPa (3 X 10° psi), and an elongation-to-break of 8-18%.
Acetonitrile/water, present in freshly prepared films, plasticizes poly(pyrrolylium tosylate) and reduces the
modulus and tensile strength by !/3, while increasing the elongation-to-break to 50%. Poly(pyrrolylium tosylate)
has been characterized by conductivity, X-ray, and SEM studies, as well as infrared, ESR, core-level X-ray
photoelectron, and °C NMR spectroscopy. The conductivity of the amorphous films (105 S ¢cm™) is only
slightly affected on exposure to air over long periods of time (months). A variable-temperature study from
273 to 4.4 K showed that the conductivity of [(C,H;N)(CH3CsH,SO3)q.43], follows that predicted for a var-
iable-range hopping mechanism and that the conductivity remains high (4.9 S cm™) even at 4.4 K. The narrow
ESR line (0.38 G) due to free spins present in [(C;H;N)(CH3CH,SO3)0 431, is rapidly broadened on exposure
to air but is narrowed back (0.5 G) almost to its original value after heating in vacuo overnight. The picture
of poly(pyrrolylium tosylate) that emerges from the above studies is that of an easily prepared polymer film
whose composition depends on the applied potential used for electropolymerization and the presence of adsorbed
solvent/water. The mechanical properties are strongly dependent on the presence of solvent. While the
conductivity of poly(pyrrolylium tosylate) is remarkably unaffected by exposure to air for long periods of
time, physical and chemical changes that occur quickly (broadening of the ESR line, water uptake) and on
a slower time scale (continued weight gain due to water absorption, attenuated spin density) are easily detected.

Introduction

Conducting polymeric materials containing the poly-
pyrrolylium microstructure (Figure 1) have been the object
of a number of investigations since the discovery of the
electrochemical synthesis of films by Dall’Olio.? Thus, the
preparation and characterization of poly(pyrrolylium
tetrafluoroborate),®* poly(pyrrolylium perchlorate),’ and
a variety of other poly(pyrrolylium anion) compositions®’
have been described. The relative ease of preparation of
these films has resulted in numerous efforts directed at
elucidating the details of the polymer chain structure as
well as the spectroscopic, electronic, and optical proper-
ties.#!! An interesting conclusion derived from ESR
studies is that the charge carriers in poly(pyrrolylium
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anion) films are spinless.® The existence of dications or
“bipolarons” (Figure 1) that would allow spinless con-
ductivity has been shown to be favorable energetically.!?4
Evidence for the existence of these bipolarons has been
obtained from optical as well as ESR data. Electrooptical
studies have revealed optical absorptions in the band gap
consistent with the presence of bipolarons.'*?
Poly(pyrrolylium anion) films are coherent and adhere
well to the electrode. These properties, the robust nature
of the films, and their redox behavior have led to utilization
of poly(pyrrolylium anjon) films as electrode materials.'5!7
Potential applications as a free-standing film place addi-
tional materials requirements, including good mechanical
properties, and raise questions concerning the invariance
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