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Redox Sorption and Recovery of Silver Ions as Silver Nanocrystals on
Poly(aniline-co-5-sulfo-2-anisidine) Nanosorbents

Xin-Gui Li,**! Hao Feng,” and Mei-Rong Huang */> "

Abstract: Poly[aniline(AN)-co-5-sulfo-
2-anisidine(SA)] nanograins with rough
and porous structure demonstrate ul-
trastrong adsorption and highly effi-
cient recovery of silver ions. The effects
of five key factors—AN/SA ratio, Ag'
concentration, sorption time, ultrasonic
treatment, and coexisting ions—on Ag'
adsorbability were optimized, and AN/
SA (50/50) copolymer nanograins were
found to exhibit much stronger Ag' ad-
sorption than polyaniline and all other
reported sorbents. The maximal Ag'

Ag', the nanosorbents exhibit
>99.98% adsorptivity, and thus ach-
ieve almost complete Ag' sorption. The
sorption fits the Langmuir isotherm
well and follows pseudo-second-order
kinetics. Studies by IR, UV/Vis, X-ray
diffraction, polarizing microscopy, cen-
trifugation, thermogravimetry, and con-
ductivity techniques showed that Ag'
sorption occurs by a redox mechanism
mainly involving reduction of Ag' to
separable silver nanocrystals, chelation
between Ag' and —NH—/~N=/-NH,/

—SO;H/~OCHj3;, and ion exchange be-
tween Ag' and H* on —SO; H*. Com-
petitive sorption of Ag' with coexisting
Hg, Pb, Cu, Fe, Al, K, and Na ions was
systematically investigated. In particu-
lar, the copolymer nanoparticles bear-
ing many functional groups on their
rough and porous surface can be di-
rectly used to recover and separate
precious silver nanocrystals from prac-
tical Ag' wastewaters containing Fe,
Al K, and Na ions from Kodak Studio.
The nanograins have great application

sorption capacity of up to 2034 mgg~
(18.86 mmolg™') is the highest thus far
and also much higher than the maximal
Hg-ion sorption capacity
(10.28 mmolg™"). Especially at <2 mm

Introduction

Silver is a precious metal used worldwide as currency and in
functional nanomaterials for antimicrobial activity,'! DNA
and microRNA detection,” multicolor photochromism,m
color luminescence,'** self-erasing multicolor imaging,” cat-
alytic activity, and optoelectronic effects.”! Compared with
early inefficient methods, modern techniques for silver re-
covery from scrap and wastewaters such as photographic
films, X-ray films, and jewelry are highly efficient, and in-
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potential in the noble metals industry,
resource reuse, wastewater treatment,
and functional hybrid nanocomposites.

clude sorption, precipitation, ion exchange, reductive ex-
change, and electrolysis. Some modern sorbents, such as
polymers,® ™! chitosan,>"  carbonaceous materials,""
coal,™ and layered sulfides,' have already exhibited very
good performance for recovery of noble and heavy metals.
Among them, aromatic amine polymers synthesized by
chemical oxidative polymerization have various important
technological applications, such as sorbents, rechargeable
batteries, electrocatalysts, microelectronic and electrochro-
mic devices, smart windows, sensors, and actuators, due to
their unique multifunctionality, including excellent redox re-
versibility, variable conductivity, strong electroactivity, color-
ful electrochromism, and high environmental stability.'""]
Recent studies on aromatic amine polymers revealed their
tremendous application potential for the removal and recov-
ery of heavy-metal ions from aqueous solution,?*? because
of the many functional groups such as -NH—, —N=, and —
NH, directly linked to the benzenoid and quinoid units
which can reversibly adsorb and complex metal ions. Fur-
thermore, a greater number of various functional groups
would presumably result in stronger adsorption, higher reac-
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tivity, and better complexation of metal ions. However,
there have been no systematic investigations on the adsorba-
bility of Ag' ions, especially from practical wastewater onto
aromatic amine polymers containing more functional
groups. Highly reactive sorption and recovery of silver ions
from the practical wastewater containing a variety of metal
ions onto polymer nanosorbents remain a considerable chal-
lenge.

To further increase the amount of functional groups and
thus greatly enhance the adsorbability and recoverability of
heavy-metal ions, aniline (AN) and 5-sulfo-2-methoxyaniline
(SA) were chosen for facile synthesis of fine AN/SA copoly-
mer nanograins®®!! as novel nanosorbents by chemical oxida-
tive polymerization. It has been reported that copolymer
nanograins having even more functional groups, including
sulfo, methoxyl, -NH—, —N=, and —NH, groups are excel-
lent nanosorbents for a highly efficient removal of Hg" from
aqueous solution,?"! because introduction of sulfo and me-
thoxyl groups having intrinsic static repulsion and electron-
donating ability is very beneficial to the formation, disper-
sion, and self-stability of aniline copolymer nanoparticles,
and thus to functional-group exposure and to reactive sorp-
tion of heavy-metal ions on the nanoparticle surface. There-
fore, it could be speculated that Ag', which has high oxida-
tion ability, would be reactively adsorbed as Ag nanocrystals
onto the copolymer nanograins, and thus highly effective re-
covery of silver from industrial wastewater and in daily life
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Figure 1. Nitrogen adsorption/desorption isotherm plots of dry AN/SA
(50/50) copolymer particles. The pore distribution curves are shown in
the inset.

would be achieved. The copolymer nanograins may be a
cost-effective nanosorbent for the efficient purification and
recovery of heavy-metal ions including Ag' ions, and may
also allow facile fabrication of functional hybrid nanocom-
posites consisting of copolymer nanograins and Ag nano-
crystals.

Results and Discussion

Optimization of AN/SA ratio for Ag' sorption onto copoly-
mer nanograins: The chemical oxidative polymerization of
AN and SA comonomers in HCI simply and directly affords
fine, uniform, and black AN/SA (50/50) copolymer nano-
grains having the following physical characteristics:

1) Specific surface area: 35.22 m*g ™' (Figure 1).

2) Pore size: 28.16 nm.

3) Pore volume: 0.21 cm*g ..

4) Apparent density: 0.247 gcm >

5) Bulk density: 0.313 gcm >

6) Number-average diameter: approximately 82.2 nm by
laser particle size analysis.

7) Morphology: a diameter of about 51 nm (ca. 30 nm with-
out Au layer) and a length of 170-450 nm (ca. 150-
430 nm without Au layer) by FE-SEM (Figure 2).

8) Bulk electrical conductivity: 0.0463 Scm™".

After introduction of methoxyl and sulfo groups into the
polyaniline, not only were as-prepared AN/SA (50/50) copo-
lymer nanograins with a rough and porous morphology ob-
tained, but also their adsorption capability toward Ag' rose
significantly, and reached a maximum at the feed AN/SA
molar ratio of 50/50 (Figure 3). The maximal sorption ca-
pacity (269.1 mgg ') of Ag' onto the AN/SA (50/50) copoly-
mer nanograins is 21 % higher than that of 219.7 mgg' onto
polyaniline microparticles under the same conditions. Poly-
aniline microparticles have strong Ag' adsorption/reducibili-
ty, but the AN/SA (50/50) copolymer nanograins have even
stronger Ag' adsorption capability/reducibility, indicating
that the nanograins are powerful Ag' nanosorbents and
hybrid Ag nanocrystal/copolymer nanograin nanocomposites
with potential application as electrode modifiers due to
their high catalytic activity.! Apparently, this significantly

500 nm

Figure 2. FE-SEM images of AN/SA (50/50) copolymer nanograins synthesized with a comonomer/oxidant molar ratio of 1/1 in 1.0m HCI at 25°C for

24 h.
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Figure 3. Variation of the sorption capacity and adsorptivity of Ag' onto
50 mg of AN/SA copolymer nanograins with SA feed content at an initial
Ag' concentration of 5mM in 25 mL AgNO; solution at 30°C for 48 h.

improved adsorbability is attributable to the rough-surface
nanostructures, on which the methoxyl and sulfo groups con-
taining oxygen and sulfur atoms offer more lone-pair elec-
trons that can spontaneously attract electron-poor heavy-
metal ions. Notably, the water solubility of the nanograins
gradually becomes stronger at a feed SA content higher
than 50 mol % because of their inherent hydrophilicity due
to more sulfo groups, which consequently leads to slightly
reduced adsorbability. Therefore, the copolymer with higher
than 50 mol % SA feed content is not a suitable sorbent for
the elimination and recovery of heavy-metal ions from
aqueous solution. It can be concluded that the AN/SA (50/
50) copolymer nanograins are an optimal nanosorbent for
the removal and recovery of Ag' ions from aqueous solu-
tions. The AN/SA (50/50) copolymer nanograins were used
in all of the following studies.

Reactive sorption of Ag' onto AN/SA (50/50) copolymer
nanograins

Effect of initial Ag' concentration and sorption isotherm: As
shown in Figure 4, at a very low initial Ag' concentration of
<2mm, the copolymer particulate nanosorbents exhibit
99.98% adsorptivity, that is, almost 100% of Ag' ions can
be completely adsorbed and recovered by the nanosorbents.
Although the Ag' adsorptivity decreases from 99.98 to
20.36 % with increasing initial Ag' concentration from 1 to
185 mm, the Ag' sorption capacity steadily rises from 53.99
to 2034 mgg'. A similar dependency of the adsorbability on
the initial Ag' concentration was observed when poly(1,8-di-
aminonaphthalene)® and 4-
sulfodiphenylamine/1,8-diami-
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Figure 4. Effect of initial Ag' concentration on Ag' sorption onto 50 mg
of AN/SA (50/50) copolymer nanograins in 25 mL AgNO; solution at
30°C for a sorption time of 72 h at an initial Ag' concentration =10 mm
and 120 h at an initial Ag' concentration of >10 mm. Inset: a) Langmuir
and b) Freundlich isotherm models for Ag' sorption.

Ag' ions at high concentration, that is, the copolymer nano-
grains with the highest experimental Ag' sorption capacity
of 2034 mgg™' (18.86 mmolg™') are the most powerful silver-
ion sorbents known until now, because their adsorbability is
even higher than those of silver ions onto poly(1,8-diamino-
naphthalene)® and 4-sulfodiphenylamine/1,8-diaminonaph-
thalene copolymer® under similar sorption conditions. In
particular, the experimental Ag' sorption capacity of
18.86 mmol g™ is much higher than the experimental Hg'“"
sorption capacity of 10.28 mmolg™" onto the same nanosorb-
ents.”!l Thus, the AN/SA (50/50) copolymer nanograins are
very strong mercury-ion and ultrastrong Ag' nanosorbents.

Linearized Langmuir and Freundlich isotherm sorption
models were applied to quantitatively analyze the sorption
equilibrium of Ag' onto the nanograins (Figure 4 and
Table 1). It appears that both models can well describe the
sorption, whereby the Langmuir model has a higher correla-
tion coefficient and smaller standard deviation. The theoret-
ical maximum sorption capacity Q, determined by the
Langmuir isotherm gives a total capacity for Ag' of
2038 mgg ', which is very consistent with the experimental
maximum adsorbance of 2034 mgg~'.

Comparison of Ag' adsorbability with other sorbents: Since
the different sorption conditions used by different investiga-

(23]
n(?naphth{ilfne COpOlyHCller Table 1. Isothermal models for Ag' sorption onto AN/SA copolymer nanograins.'?!
microparticles were use as

p Model Model equations Correlation Standard On K,

sorbents. These results suggest coefficient deviation [mgg '] [Lmg ']
that the AN/SA (50/50) copoly- orn or K¢
mer nanograins not only com- [ omuir CJQ.=(C/ Q) +1/K,Qp 0.9995 0.01142 0,=2038 K,=0.01147
pletely eliminate and recover Freundlich IgQ.=[(1/n)lgC.]+I1g Ky 0.9900 0.09614 n=4.14 Ky=187.3

trace amounts of silver ions, but
also most efficiently recover
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a : sorption capacity at saturation, n: sorption equilibrium constant, K,: sorption coefficient, Kp: equilibri-
m Y pacity Y q a P F eq
um constant indicating sorption capacity.
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Table 2. Comparison of Ag' adsorbability between AN/SA (50/50) copolymer nanograins and other sorbents.

Sorbents Initial Ag' Ag'+Ag’ Ag’ Q,, by Rate Refs.
name dosage solution sorption adsorptivity Obtained Recovery Langmuir constant
[mg] c[mM] pH capacity [%] [mgg']  [%] model k[h™]
[mgg™] or sorption
time ¢ [h]

poly(o-phenylenediamine) 50 100 54 540 10 400 7.4 285 k=0.119 (201
poly(1,8-diaminonaphthalene) 50 82 53 819 18.5 574 13.0 885 k=0.19 22
poly(4-sulfonic diphenylamine-co- 50 84 53 1144 25.3 996 22.0 1879 k=0.60 23
1,8-diaminonaphthalene)
AN/SA (50/50) copolymer nanograins 50 Elig 22 526 33; ;(1)32 ézj 2038 k=0.041 this work
bis-thiourea—formaldehyde resin 100 10 6.5 745 68.9 0 0 918 k=0.22 (ol
electrooxidized carbon fiber 40 5 10.5 399.6 59.2 396 58.6 437.4 =24 (i
carbonaceous from flax shives 19 5 50 225 324 201 324 230 k=0.0177 1
activated carbon 5000 0.46 6.0 0.734 0.91 very few - 0.734 t=72 (14
coke 5000 046 60 3.06 3.83 very few - 3.06 1=T72 0
bituminous coal 5000 0.46 6.0 1.0-40.9 1.24-51.1 very few - 1.0-40.9 =72 (14
Shenfu3~! coal 50 60 65 865 66.7 very few  — 107 k=126 sl
brewery waste biomass 100 1 40 428 79.3 very few - 42.8 t=3 2
tors may cause differences in Ag' adsorbability, a detailed ~ 500 oo 100
comparison between AN/SA (50/50) copolymer nanosorb- o ¥ o /2 - -e--e
ents and other sorbents is listed in Table 2. Obviously, the E’ 400 - ,2’_'.’ {80 g
copolymer nanosorbents have stronger adsorbability than 2 7 — 24 ?
any other sorbents despite the initial Ag' concentration, be- g 300 // "; 018 52533:’;;";‘.’;?33,':1 5~ 160 £
cause the nanosorbents possess very high experimental Q. 8 7~ E 0q0f0ssy o g S

. < 200 < —o0, 44— 2§ {40 ©
and theoretical Q,,. The copolymer nanosorbents have even 2 7 CLLL I . < ®
stronger adsorbability than poly(4-sulfodiphenylamine-co- g‘ 100 & o0.00 ézr".humosaz(‘:g:??:; e 120 2
1,8-diaminonaphthalene) microsorbents containing more -; = ('; 35 Ps:':m;:m;; 0
—NH, and —NH— groups,”! because the nanosorbents have < ofe Sorption time (h) {0
much higher specific surface area and porosity. Moreover, P USRS T ‘
the copolymer nanosorbents have higher Ag metal recovery 5.5 Initial pH = 5.7
than any other sorbents under similar sorption conditions. 5.0
In other words, 94.9 [=(1192+1256)x100%] to 98.8% o
[=(500+506)x100 %] of the Ag" adsorbed onto the copoly- = 45 _
mer is reduced to Ag metal on sorption. Although some f 4.0 ApH =3
other traditional sorbents like bis-thiourea—formaldehyde o
resin, brewery waste biomass, and Shenfu3™' coal are good 3.5 2
for sewage disposal, they may be unsuitable for efficient re- 3.0 \ Final pH =2.7
covery of precious metals because the metal ions are only 25 b) . Yo o———o0
transferred from liquid phase to solid phase without valence ] 20 40 60 80 100

change. To effectively acquire precious elemental metals,
further treatment must be implemented when traditional
sorbents are used. One exception is the slower sorption of
the copolymer nanosorbents compared to some other sorb-
ents such as Shenfu3™' coal, oxidative aromatic diamine
polymers, and bis-thiourea—formaldehyde resin, which indi-
cates that the copolymer nanosorbents have long-lasting re-
ducing action towards Ag' ions because of their unique sorp-
tion mechanism, which is discussed in detail below.

Effect of sorption time and sorption kinetics: Figure 5a
shows the Ag' sorption capacity and adsorptivity profiles
versus sorption time on the AN/SA (50/50) copolymer nano-
grains. The sorption capacity and adsorptivity of Ag' on the
nanograins both increase nonlinearly with sorption time.
The sorption process includes two stages: a secondary but
instant stage and a primary but gradual stage. The faster

www.chemeurj.org
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Sorption time (h)

Figure 5. Effect of sorption time on a) Ag' sorption onto 50 mg of AN/
SA (50/50) copolymer nanograins at an initial Ag' concentration of
10 mm and b) pH value of Ag™ sorption solution in the presence of
50 mg of AN/SA (50/50) copolymer nanograins at an initial Ag* concen-
tration of 2 mm in 25 mL of AgNO; solution at 30°C.

step may be attributed to physical surface sorption of Ag'
onto the high surface energy nanoparticles, while the slower
step may represent redox, chelation, and ion-exchange inter-
actions between Ag' and five types of functional groups of
the nanoparticles over a long period.

To investigate the mechanism of sorption, two Kkinetic
models are generally used to test experiment data. It can be
concluded from Figure Sa (inset) that the sorption process
accords well with the pseudo-second-order model with a
higher correlation coefficient of 0.9927 than with the

Chem. Eur. J. 2010, 16, 10113-10123
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pseudo-first-order model with a correlation coefficient of
0.9897. The pseudo-second-order model is based on the as-
sumption that the chemical sorption behavior between ad-
sorbent and adsorbate over the whole range of sorption
mechanism is a rate-controlling step,’”! which means that
the sorption mechanism of Ag' on the grainy nanosorbents
is chemically reactive sorption including redox, chelation,
and ion exchange.

Effect of ultrasonic treatment of the copolymer nanograins:
Since the nanograins with rough and porous morphology
and thus high surface energy are prone to aggregate during
the drying process, ultrasonic treatment before sorption is
necessary to make sure that they are completely dispersed
into fine nanograins. This treatment allows some inner func-
tional groups to be exploited effectively. The effect of ultra-
sonic treatment on Ag' sorption of the copolymer nano-
grains is shown in Figure 6.
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Figure 6. Effect of ultrasonic pretreatment of the AN/SA (50/50) copoly-
mer nanograins in distilled water on the sorption of Ag' onto 50 mg of
copolymer nanograins at an initial Ag' concentration of 10 mm in 25 mL
of AgNO; solution at 30°C for 24 h.

The sorption capacity and ad-

sorptivity of Agl ions both in- 25 mL of solution at 30°C for 6 h.

FULL PAPER

by 5.67 %. However, ultrasound has tremendous energy, and
thus can destroy the structure of copolymer macromolecules
to some extent, including elimination of functional groups
and the rupture of copolymer main chains, and hence ad-
sorbability decreases when ultrasonication time is increased
from 1 to 1.5 h. Thus, ultrasonic frequency and time should
be chosen to efficiently disperse the copolymer particles
without damaging their molecular structure.

Effect of coexisting ions in Ag' solution: Generally, coexist-
ing ions in Ag' solution would severely affect the sorption
ability of the target Ag' ions. The powerful adsorbability of
Hg" ions onto AN/SA copolymer nanograins was demon-
strated previously.?!! Accordingly, we first took Hg"" as com-
petitive ion to examine the Ag' sorption stability, which is
one of the important factors for fully evaluating nanosorb-
ents. Surprisingly, the Hg" ions only slightly interfere with
Ag' sorption onto the copolymer nanosorbents. As summar-
ized in Table 3, even if the initial Hg" concentration is in-
creased up to 400 mgL~', that is, twice the Ag' concentra-
tion, the Ag' adsorptivity decreases only slightly from
99.9% to 93.6%, whereas the Hg" adsorptivity remains
nearly constant at 96.5-96.4%. The Hg" adsorptivity of
96.5-96.4 % is only slightly lower than the pure Hg" adsorp-
tivity of 99.6-99.9% in the absence of Ag' ions, that is, the
Ag' and Hg" ions only slightly interfere with each other.
This proves that the copolymer nanograins demonstrate not
only outstanding Ag' recovery regardless of the coexistence
of Hg" ions, but also great potential for removal of the
other heavy-metal ions from heavily polluted wastewater at
the same time. Therefore, competitive adsorption among
Ag', Pb", and Cu" ions was carried out to further confirm
this capability. Since heavy-metal ions are highly toxic to
human and animal organisms even at very low concentra-
tion, a mixed solution with initial Ag'/Pb"/Cu™ concentra-
tion of 50/50/50 mgL~" was used for the competitive adsorp-

Table 3. Effect of coexisting Hg" ions on Ag' recovery on 50 mg of AN/SA (50/50) copolymer nanograins in

crease during the first treat- Ag' Hg" Ag' Hg" Conductivity
ment time of 1h, and then de- initial concentration adsorptivity concentration adsorptivity of the
crease with a further increases concentration after sorption [%] after sorption [%] copolymer
. . . [mgL™"] [mgL™] [mgL™] adsorbing
in ultrasonication time up to Agl&Hg"
1.5 h. Ultrasonic treatment can [Sem™]
strongly disperse the aggregated 0 _ - - - 0.0463
particles from each other, as 200 0 0216 99.9 0 - 0.0748
was proved by particle size 200 200 2.576 98.8 7.105 96.5 0.4087
analysis.m With increasing 200 400 12.78 93.6 14.32 96.4 222

L. . 0 200 - - 0.221 99.9 -
ultrasonication time from 0 to 400 B _ 1.60 99.6 B

1 h, the number-average diame-
ter monotonically decreases
from 3.42 pm to 120 nm, while the size polydispersity index
also decreases slightly from 1.26 to 1.12.”Y As a result, Ag'
ions can more easily enter into the inside of the nanograins
and interact with the inner functional groups. Accordingly,
Ag' sorption capacity increases by 5.50% and adsorptivity

Chem. Eur. J. 2010, 16, 10113-10123
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tion study. As expected, the copolymer nanograins exhibit
comprehensive adsorbability towards a variety of heavy-
metal ions even at low concentration (Table 4). The power-
ful adsorbability of Ag' and Hg" onto the copolymer nano-
grains, together with good adsorbability of Pb"™ and Cu",
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Table 4. Effect of coexisting Pb" and Cu" ions on Ag' adsorbability onto
50 mg of AN/SA (50/50) copolymer nanograins in 25 mL of solution at
30°C for 6 h.

Ton concentration [mgL™"]
before sorption after sorption

Co-existing ions Ton adsorptivity [% ]

Ag' 50 0.0301 99.9
Pb" 50 8.634 82.7
Cu" 50 15.72 68.6

should be mainly attributable to the soft acid groups —
SO;H, —OCH;, —NH,, -NH—, and —N= in the copolymer
chains spread over the rough surface of the nanograins, that
interact more easily with soft metal ions such as Ag' and
Hg" than with other heavy-metal ions.

Elucidation of sorption mechanism: Generally, metal ions
are adsorbed on traditional sorbents by three adsorption
mechanisms: surface adsorption, ion exchange and complex
sorption. Because AN/SA copolymer nanograins with rough
surface and high surface energy were used as sorbent, sur-
face physical sorption of the Ag' onto the nanograins must
occur through weak van der Waals force between the nano-
grains as sorbent and Ag' as adsorbate, but this weak van
der Waals interaction is not stable, and the adsorbates can
easily fall off of the sorbents. An ion-exchange sorption
mechanism also exists through ion exchange between Ag'
and active protons on the sulfo groups, which are the main
functional groups in the most ion-exchange resins, and this
was verified by the decline in pH of the Ag' solution after
the sorption process, because the H* replaced by Ag' was
released into the solution (see Scheme 1, Figure 5b, and
Table 5).

According to the theory of hard and soft acids and bases,
soft metal ions such as Ag', Au™, and Hg" tend to form
stable chelates with N-, O- and S-containing functional
groups including —NH,, -NH—, —N=, —CN, —~OCHj;, —SO;H,
—SR, and —SH. The amino and imino groups on the polyani-
line chains have strong chelating ability with various metal
ions,®? and chelation sorption is one of the most impor-
tant sorption mechanisms. Such chelation sorption between
AN/SA copolymer nanograins and Ag' ions is depicted in
Scheme 1. Ion-exchange sorption and chelation sorption are
more stable than surface sorption for most sorbents. The
ion-exchange process is reversible and significantly influ-
enced by pH and other sorption conditions. As a result, che-
lation sorption is even more stable than ion-exchange sorp-
tion.

Moreover, redox sorption generally occurs if heavy-metal
ions like Ag' and Hg" having a certain oxidizability meet
the polymers having a certain reducibility in aqueous disper-
sion.?*2271 Such redox sorption does indeed occur during
the sorption of Ag' and Hg" ions with a high standard re-
duction potential, whereby the AN/SA copolymer particles
act as a reductant and the Ag' and Hg" ions as an oxidant.
During the sorption process, the —NH,/~NH— groups and
benzenoid rings of the AN/SA copolymer chains are oxi-
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Scheme 1. Nominal copolymerization of aniline (AN) and 5-sulfonic-2-
anisidine (SA) and possible reactive sorption mechanism of silver ions
onto the AN/SA copolymer nanograins.

Table 5. Adsorptivity of Ag' and other metal ions in genuine 25 mL of
Ag'-containing wastewater at 25°C on 50 mg AN/SA (50/50) copolymer
nanograins for 120 h.

Main metal Ion concentration [mgL~'] Ion pH decline

ions before after adsorptivity after sorption
sorption sorption [%] ApH

Ag' 2060 166 91.9

Fe" & Fe" 3090 1740 43.7

Na' 1970 1270 355 47-55=-08

Al 14.0 10.0 28.6

K' 650 590 9.2

dized to —N= groups and quinoid rings, respectively, accom-
panied by reduction of Ag' and Hg" ions to Ag and Hg
metals. Therefore, evidence for the redox sorption mecha-
nism of Ag' onto the copolymer nanograins was obtained as
follows.

Evidence from pH decline of the sorption solution: A mono-
tonic pH decline of the Ag' solution was found with increas-
ing sorption time from 0 to 8 h (Figure 5b), because the H*
ions on the sulfo groups of the copolymer particles were
gradually replaced by Ag' ions and then released into solu-
tion. Apparently, the ion-exchange mechanism plays an im-
portant role in the sorption process of Ag' onto the copoly-
mer particles. However, a contradiction was found between
calculated and the experimental concentrations of H*. Dras-
tic decline of the solution pH suggests that many more H*
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ions were transferred to solution than anticipated. Accord-
ingly, another overwhelming sorption mechanism (i.e., redox
sorption) must be operative during the sorption process of
Ag' onto the copolymer particles.

Evidence from IR spectra: The IR spectra of the AN/SA
(50/50) copolymer nanograins before and after Ag' sorption
are presented in Figure 7. A broad medium-intensity peak

After sorption

>

2

S .

£ Before sorption

2

K

o N
g & &8 558398888
< N D0 NTONTOO
o™ ~ NN Dol ol ol o
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Figure 7. IR spectra of AN/SA (50/50) copolymer nanograins before and
after adsorbing 25 mL 80 mm AgNO; solution at 30°C for 120 h.

centered at 3440 cm ™' due to the characteristic stretching vi-
bration of N—H bonds of -NH, and -NH— groups in the co-
polymers tremendously declines or even disappears on Ag'
sorption. The significantly decreased amounts of —NH, and
—NH— groups suggest they are almost completely oxidized
to =N— groups by Ag". Notably, the IR spectra of copolymer
particles adsorbing mercury ions in 25 mL of 10.05 mm Hg-
(NOs), solution for 48 h still show a broad moderate-intensi-
ty peak at 3440 cm~',”" because much lower Hg" concentra-
tion and much shorter sorption time than 80 mm AgNO; so-
lution for 120 h can only oxidize a small amount of —NH,
and _NH— groups to =N— groups. Weak absorption peaks at
3225 and 2925/2855 cm™! due to the characteristic stretching
vibration of respective aromatic C—H and asymmetric/sym-
metric C—H stretching vibrations in —OCH; hardly change
on Ag' sorption, that is, the aromatic rings and ~OCH, were
not broken by the Ag' ions as oxidant during the sorption
process. The peaks at 1567 and 1492 cm™' are assigned to
the characteristic stretching vibrations of quinoid and benze-
noid rings, respectively. The peaks at 1300 and 1243/
1065 cm™" are associated with the C=N stretching vibration
in quinoid rings and C—N stretching vibration in benzenoid
rings, respectively. The peak at 1300 cm™' becomes stronger
but the peak at 1065 cm™' weaker upon Ag' sorption, indica-
tive of dehydrogenation and oxidation of C—NH— in the
polymer chains to C=N. At the same time, these IR spectral
changes give indirect evidence of Ag' reduction to Ag’. The
three peaks at 1150/1027 and 806 cm™' that are related to
the asymmetric/symmetric stretching vibrations of the S=O
group in —SO;™ and 1,2,4,5-tetrasubstituted benzenoid ring
of SA units, respectively, hardly vary with Ag' sorption,
which implies that only AN units are oxidized by Ag', in
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good agreement with Hg" sorption onto the same nano-
grains.”! A gradual upward trend of the IR spectrum at
lower wavenumber of the nanograins adsorbing Ag' could
be a further evidence for oxidation of the conducting nano-
grains by Ag'ions, and this is also in accordance with the IR
spectra of the nanograins oxidized by Hg" ions.""

Evidence from UV/Vis spectra: UV/Vis spectra of the AN/
SA (50/50) copolymer particles before and after Ag' sorp-
tion are shown in Figure 8. Under the precondition of con-
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Figure 8. UV/Vis spectra of AN/SA (50/50) copolymer particles adsorb-
ing 25 mL of 80 mm AgNO; solution at 30°C for 120 h.

stant band intensity at 338 nm due to m—m* transition, the
band at 611 nm due to n—m* transition, which reflects the
large m-conjugated structure of the copolymer chains, be-
comes stronger and slightly redshifted on Ag' sorption,®
which is consistent with a previous study on Hg" sorption.!
Thus, the copolymer nanograins were oxidized by Ag' and
doped with very fine Ag nanocrystals that are the product
of the redox interaction between the copolymer nanograins
and Ag' ions.”* The UV/Vis analysis is consistent with the
IR results, and further supports the redox sorption mecha-
nism of Ag' onto the nanograins.

Evidence from wide-angle X-ray diffraction: The crystalline
structure of the AN/SA (50/50) copolymer particles before
and after Ag' sorption was characterized by wide-angle X-
ray diffraction (Figure 9). Compared with amorphous copo-
lymer nanograins, the Ag-loaded particles exhibit three very
sharp diffraction peaks at Bragg angles of 38.1, 44.6, and
64.7°, which exactly correspond to the (111), (200), and
(220) crystal planes of Ag metal, respectively. This means
that the Ag' ions were reduced to Ag nanocrystals by the
copolymer nanograins during sorption. In particular, the rel-
ative intensity of the three diffraction peaks compared with
the diffraction intensity of the copolymer particles at a
Bragg angle of around 23° becomes increasingly stronger
with increasing Ag' sorption time from 0.5 to 120 h or Ag'
concentration from 10 to 19 mwm, that is, more and more Ag
nanocrystals are formed and deposited on or doped into the
copolymer nanograins.
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Figure 9. Wide-angle X-ray diffraction curves of AN/SA (50/50) copoly-
mer nanograins adsorbing silver ions from 10 mm Ag' solution and actual
19.1mm Ag' wastewater.

Evidence from cross-polarizing microscopy: Considering
that a great difference between the crystalline ordered struc-
tures of Ag nanocrystals and the non-crystalline copolymer
nanograins revealed by X-ray diffraction in Figure 9, cross-
polarizing microscopy is more suitable to observe the or-
dered Ag nanocrystals in the amorphous unordered copoly-
mer nanograins than scanning and transmission electron mi-
croscopy.”” As shown in Figure 10, compared with wholly
black view of the pure nanograins without adsorbing Ag'
ions, the views of the Ag-loaded nanograins become bright-
er with increasing Ag' concentration or sorption time. Appa-
rently, the bright points and zones imply the presence of ani-
sotropically ordered Ag nanocrystals and their thin aggre-
gates in the almost optically isotropic nanograins because,
although the Ag reduced by the copolymer nanograins is in
the form of anisotropically ordered crystals,”” the crystals
would not transmit the cross-polarized light if their size and

thickness were much larger than 100 nm. In short, more Ag
nanocrystals are formed at higher Ag' concentration or
longer sorption time, in agreement with the result obtained
by X-ray diffraction.

Evidence from centrifugation: Considering the large density
difference between the AN/SA copolymer nanograins and
Ag nanocrystals, centrifugal separation was employed to
macroscopically verify the presence of much heavier Ag
nanocrystals in the much lighter copolymer nanograins. Lus-
trous silver-gray crystals (5.3 mg) were indeed separated
from the nanoparticle sorbent after centrifugal treatment for
10 min at 3000 rpm. If all the Ag' ions in 25mL 2mm
AgNO; solution were adsorbed onto the copolymer nano-
grains and simultaneously reduced to Ag’ there should
have been 5.4 mg of Ag nanocrystals in the final copolymer
nanograins. Therefore, it is concluded that 98.1 % of the Ag'
ions in the solutions were reduced to Ag nanocrystals. This
is further important quantitative evidence for the redox
sorption mechanism of Ag' ions onto the nanograins. Facile
collection of silver nanocrystals benefits from the rough and
porous structure of the nanograins that is responsible for the
superstrong Ag' adsorbability.

Evidence from thermogravimetry: Figure 11 shows the ther-
mogravimetry (TG) and differential thermogravimetry
(DTG) curves of 50 mg AN/SA (50/50) copolymer nano-
grains that have adsorbed Ag' ions. A three-step weight loss
process occurs during the thermal decomposition of the Ag-
loaded nanograins. The first weight-loss step around 92°C
corresponds to evaporation of water with a mass loss of
3.79%. The second weight-loss step around 203 °C is mainly
due to thermal elimination of —OCH; and —SO;H side
groups with a mass loss of 5.29 %. The third weight-loss step
centered around 572°C must be attributed to thermooxida-
tive decomposition of the copolymer chains with a mass loss
42.73%. The residual weight at 700°C is attributable to Ag
nanocrystals thermostable up to 900°C, because metallic
silver is gradually oxidized to Ag,O in air only at tempera-
tures above 900°C. The Ag' capacity at an initial Ag' con-

Figure 10. Cross-polarizing micrographs of the Ag nanocrystals in the AN/SA (50/50) copolymer nanograins adsorbing a) 25 mL of 10 mm AgNO; solu-
tion at 30°C for 0.5 h, b) 25 mL of 10 mm AgNO; solution at 30°C for 72 h, and c) practical 19.1 mm Ag' wastewater at 25°C for 120 h.
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Figure 11. Thermogravimetry and derivative thermogravimetry curves of
50mg AN/SA (50/50) copolymer particles adsorbing 25 mL 80 mm
AgNOj solution at 30°C for 120 h. Inset: Images of a) original AN/SA
(50/50) copolymer powder adsorbing 25 mL of 80 mm AgNO; solution at
30°C for 120 h and b) its cauterant residue at 700°C in air.

centration of 80 mm of 1256 mgg~' in Figure 4 implies that
the Ag content of 50 mg of Ag-loaded copolymer particles
is 50.33 wt %, which is only slightly higher than the residual
weight of 48.19%. It can be speculated that a volatilizable
Ag component of 50.33—48.19=2.14% may partly result
from a chelation between Ag' and the copolymer. As shown
in Figure 11 (inset b), the cauterant residue at 700°C in air
is a spongy, gray, and metallically lustrous substance that
should be elemental silver, and is completely different from
the dark green Ag-loaded copolymer nanograins (Figure 11,
inset a) and black original copolymer nanograins.

Evidence from electrical conductivity of the Ag-loaded nano-
grains: Based on the four types of structural evidence
above, it is certain that the structural changes of the AN/SA
copolymers occurred on Ag' sorption. Thus, their physical
properties must gradually change during the sorption pro-
cess. Enhanced electrical conductivity of the copolymer
nanograins can also be used to confirm formation of metal-
lic silver during Ag' sorption, because of the doping effect
of the highly electrically conducting Ag nanocrystals.
Figure 12 shows that the conductivity of the copolymer
nanograins adsorbing Ag' gradually rises with increasing Ag'
concentration or sorption time, because formation of fine
Ag crystal nuclei and then steady Ag crystal growth contrib-
ute to improving electrical conductivity until saturation ag-
gregation of Ag crystals on the copolymer chains is reached.
When the initial Ag' concentration exceeds 80 mm, the elec-
trical conductivity has an almost constant value of
0.41 Scm™!, that is, nearly ten times higher than that of the
original copolymer particles without adsorption of Ag' ions.
The slightly reduced conductivity at a sorption time of 6 h
can be ascribed to atactic aggregation of Ag crystals.”’]
Table 3 shows that the copolymer nanograins adsorbing
200 mgL ™" Ag' and 200 mgL~"' Hg" display 5.5 times higher
conductivity than those only adsorbing 200 mgL™' Ag
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Figure 12. Electrical conductivity variation of AN/SA (50/50) copolymer
nanograins with sorption time in 25 mL of 10 mm AgNO; solution and
with initial Ag' concentration in 25 mL of AgNO; solution for equilibri-
um sorption time at a fixed sorption temperature of 30°C.

Moreover, the nanograins adsorbing 200 mgL™' Ag' and
400 mg L~ Hg" display 29.7-fold enhancement in conductivi-
ty compared with those only adsorbing 200 mgL~! Ag'. This
further increased conductivity with Hg" sorption should be
assigned to the formation and doping effect of highly con-
ducting arquerite in the copolymer nanograins, whereby the
arquerite may originate from an interaction between Ag
nanocrystals and liquid elemental mercury, both generated
through reduction by the copolymer nanograins, because
AgNO; and Hg(NOs), crystals are not electrically conduct-
ing. In conclusion, organic and inorganic hybrid nanocompo-
sites with a widely variable conductivity have been simply
fabricated by a sorption technique.

Graphic illustration of the Ag' sorption mechanism: Accord-
ing to the above evidence, four types of sorption mecha-
nisms coexist in the sorption process of Ag' ions onto the
AN/SA copolymer nanograins, as summarized in Scheme 1.
In the initial period, physical surface sorption, ion-exchange
sorption, and chelation sorption successively occur very
quickly, and then most of the adsorbed Ag' ions on the
nanograins are reduced to elemental Ag at the end of the
sorption equilibrium. In other words, reductive sorption of
Ag' onto the copolymer is the major mechanism, and the
other three kinds of sorption are minor mechanisms.!

Reduction of Ag' to Ag® by the AN/SA copolymer after
sorption implies that the copolymer acts as a reductant and
Ag' as an oxidant. Thus, for a fixed ammonium persulfate
oxidant/comonomer molar ratio of 1/1, the copolymer pre-
pared by chemical oxidation of comonomers containing
—NH, but no -NH— groups has a large amount of -NH—
groups and a small amount of —NH, end groups and hence
is a proper solid reductant with respect to Ag' ions. Clearly,
the as-synthesized copolymer is partly oxidized rather than
fully oxidized, as shown in Scheme 1, and the AN/SA copo-
lymer particles are an advanced sorbent for cost-effective
recovery of silver nanocrystals directly from various types of
Ag' solutions.
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Ag' recovery from practical wastewater by copolymer nano-
grains: The large amount of silver halide used in the photog-
raphy industry every year to make photographic film photo-
sensitive unavoidably leads to a huge amount of wastewater
containing Ag' ions in the form of Ag(S,0;),", Ag,-
(S,0;);*", and Ag;(S,0;),° in a concentration range usually
between 500 and 9000 mgL~". Since the concentration of re-
sidual silver ions in fixing-bath wastewater is quite high,
wastewater disposal and silver recovery are important
topics. We tested the potential of copolymer nanograins for
recovery of silver from wastewater by treating a genuine
fixing-bath wastewater sample with AN/SA (50/50) copoly-
mer nanograins for 5 d at room temperature (Table 5).

The adsorptivity and sorption capacity of Ag' from this
wastewater can reach up to 91.9% and 947 mgg™!, respec-
tively, which are much higher than those of 84.5% and
600 mgg™' for Ag' from AgNO; at a similar Ag' concentra-
tion (Figure 4), possibly due to different counteranions.
Thus, the counteranions influence Ag' sorption onto the
sorbents to some extent. It can be concluded from Figure 4
that the second adsorptivity of Ag' would be greater than
99.98 % if the residual wastewater after the first sorption
were retreated with a further 50 mg of nanosorbent. Other
metal ions are simultaneously adsorbed by the AN/SA copo-
lymer, but these lighter metal ions coexisting in the fixing
bath basically did not influence the Ag' sorption, consistent
with the above results on the effect of coexisting ions in Ag'
solution. Excellent adsorbability of the copolymer nano-
grains towards Ag' ions coexisting with other metal ions in
the wastewater is thus confirmed.

The form of the adsorbed Ag' ions on the copolymer
sorbent was analyzed by wide-angle X-ray diffraction and
cross polarizing microscopy. The three characteristic diffrac-
tion peaks of Ag crystal appeared exactly at Bragg angles of
38.1, 44.6, and 64.7°, as in Figure 9. The bright points from
anisotropically ordered Ag crystals in cross-polarizing dark
field in Figure 10 are another evidence for the formation of
fine Ag nanocrystals and their thin aggregation. In short,
the sorption process is accompanied by formation of a large
number of fine Ag nanocrystals.

The final step of this recovery experiment was to quanti-
tatively isolate the Ag nanocrystals by centrifugation. About
46.98 mg of Ag nanocrystals were obtained at the bottom of
the centrifugal tube, >33 consistent with the 47.35 mg cal-
culated from the sorption capacity. The small discrepancy
may be due to experimental error during the extraction pro-
cess, or to a small amount of Ag' existing as a chelate on the
copolymer chains. Regardless, a large amount of silver was
recovered from the wastewater by the copolymer nanosorb-
ents, that is, both purification and recovery of precious silver
from wastewater are accomplished at the same time. Moder-
ate adsorptivity for another four coexisting ions, namely,
Fe'*I Na', A", and K', was observed (Table 5). Fortunate-
ly, their interaction with the copolymer nanoparticles occurs
mainly by complexation, and it seems that these complexes
did not interfere with the centrifugal separation and recov-
ery of the much heavier silver crystals from the much lighter
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nanoparticles and their complexes with the four coexisting
ions. In short, the copolymer nanograins have simply been
used to turn environmental trash into treasure.

Conclusion

High-performance AN/SA (50/50) copolymer nanograins
synthesized by facile chemical oxidative copolymerization
exhibit the highest Ag' sorption capacity so far of up to
2034 mgg ' (18.86 mmolg™') and accomplish nearly 100%
Ag' adsorption from dilute solution. The effects of five cru-
cial parameters, namely AN/SA ratio, initial Ag' concentra-
tion, sorption time, ultrasonic treatment, and coexisting ions,
on Ag' sorption were systematically optimized. The sorption
mechanism of Ag' onto the copolymer nanograins was ex-
plored by eight analytical methods, which revealed that a
redox interaction between Ag' ions and the copolymer
nanograins is the most important sorption mechanism, be-
cause almost all adsorbed Ag' ions on the nanograins were
reduced in situ to fine Ag nanocrystals. The AN/SA copoly-
mer nanograins show effective recovery of Ag' ions from
genuine wastewater that even contains various other metal
ions like Hg", Pb", Cu", Fe™, AI", K, and Na', and thus
turn trash into treasure. The experimental Ag' sorption ca-
pacity of 18.86 mmol g~ is much higher than the experimen-
tal Hg-ion sorption capacity of 10.28 mmolg™ onto the
same nanosorbents.”!! In other words, the AN/SA (50/50)
copolymer nanograins are very strong Hg-ion nanosorbents
and ultrastrong Ag' nanosorbents. At the same time, a
unique hybrid Ag nanocrystal/copolymer nanograin nano-
composite with widely controllable electrical conductivity
and potential application as electrode modifier due to its
high catalytic activity!”’ was facilely obtained as the result of
Ag' sorption. To sum up, the AN/SA (50/50) copolymer
nanograins carrying numerous functional groups on their
porous and rough structure are not only outstanding Ag'
sorbents with a bright future for removal and recovery of
noble Ag' from typical wastewaters, but also novel multi-
functional materials having excellent redox reactivity, intrin-
sic electrical conductivity, high environmental stability, and
practical recoverability of Ag as Ag nanocrystals.

Experimental Section

Chemical reagents: Aniline (AN), 5-sulfo-2-methoxyaniline (SA), ammo-
nium persulfate, AgNO;, Hg(NOs),, Pb(NO;),, Cu(NO;),, and BaCl, of
analytical-reagent grade were commercially obtained and used as re-
ceived.

Synthesis of AN/SA copolymer nanograins:*!! Copolymer nanoparticles
with five AN/SA molar ratios were prepared by simple chemical oxida-
tive polymerization. A typical preparation procedure of the AN/SA (50/
50) copolymer nanograins is as follows: AN monomer (2.275 mL,
25 mmol) and SA monomer (5.075¢g, 25 mmol) were added to HCI
(1.0m, 150 mL) at 25°C in a 250 mL glass flask. Ammonium persulfate
(11.4 g, 50 mmol) was dissolved individually in HCI (1.0M, 50 mL) to give
an oxidant solution, which was dropped into the mixed comonomer solu-
tion at a rate of one drop (ca. 60 pL) every 3 s at 25°C to give a final co-
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monomer/oxidant molar ratio of 1/1. The reaction mixture was vigorously
magnetically stirred for 24 h at 25°C. The resulting copolymer nanograins
were washed thoroughly with distilled water by centrifugation to remove
the residual oxidant, water-soluble oligomers, and byproducts until no
SO, was evident on dripping BaCl, solution into the filtrate. The solid
black particles were left to dry in ambient air at 40°C for 7 d. The nomi-
nal polymerization process is shown in Scheme 1:

Sorption of Ag' onto AN/SA copolymer nanograins: Sorption of Ag' on
the AN/SA copolymer nanograins in aqueous solution was performed in
a batch experiment. An aqueous AgNOj solution (25 mL) with Ag' con-
centration ranging from 1 to 200 mM was adsorbed on a given amount of
the particles at a fixed temperature of 30°C. After a certain sorption
time, the particles were filtered from the solution, and then the AgI con-
centration in the filtrate was measured by Volhard titration at higher Ag'
concentration or inductively coupled plasma (ICP) at lower Ag' concen-
tration. The adsorbed amount of Ag' on the particles was calculated ac-
cording to an earlier report.”?!

Preparation of copolymer sample for cross-polarizing microscopy obser-
vation: After the sorption process, the Ag-loaded AN/SA copolymer par-
ticles were left to dry in ambient air at room temperature, and then 1 mg
solid particles were placed in a beaker and soaked in 50 mL deionized
water for several days. Before cross-polarizing microscopic observation,
the particles were ultrasonically treated at 40 kHz for 15 min in a DL-
180A ultrasonic machine made in China to make sure that the solid parti-
cles were evenly dispersed. A drop of the dispersion was dropped onto a
piece of clean slide glass, and then the slide glass was covered with a
cover glass slowly and carefully to avoid generation of bubbles.

Preparation of solution with coexisting ions: The effect of coexisting ions
on Ag' adsorbability onto the AN/SA copolymer nanosorbents was inves-
tigated to disclose possible interaction with and sorption selectivity of
Ag' over other heavy-metal ions such as Hg", Pb", and Cu". Mixed solu-
tions of the metal ions were prepared by dissolution of AgNO;, Hg-
(NOy),, Pb(NO;),, and Cu(NO,;), in deionized water. In the Ag/Hg"
system, the initial Ag' and Hg" concentrations are fixed at 200/0, 200/200,
200/400 mgL~'. In the AgY/Pb"/Cu" system, the initial Ag/Pb"/Cu" ion
concentrations were 50/50/50 mgL .

Practical Ag' wastewater sample: A genuine Ag' wastewater sample was
obtained from a Kodak Photo Gallery in Shanghai, China. The fixing
bath used in this gallery, made in Tianjin, China has 50 wt% Na,S,0;
and 25 wt% EDTA ferric ammonium as main ingredients. This practical
wastewater sample contains mainly Ag', Fe'", Fe"", Na', Al"!, and K" ions
in concentrations of 2.06, 3.09, 1.97, 0.014, and 0.65 gL’l, respectively, ac-
cording to ICP testing. The initial pH of the wastewater was 5.5, mea-
sured with a pHS-3C digital display acidometer.

Measurements: The IR spectra were recorded on Bruker Equinox 55
(Germany)/Hyperion 2000 FT-IR spectrometer with a resolution of
<0.5cm™', a wavenumber precision of better than 0.01cm™', and a
signal/noise ratio of >3600:1 by the ATR method. UV/Vis spectra of the
copolymers in DMSO were obtained on a Perkin-Elmer Instruments
Lambda 35 at a scanning rate of 480 nmmin~'. Wide-angle X-ray diffrac-
tion was performed on a D/max 2550 VB3 X-ray diffraction analyzer
with Cug, radiation at a scanning rate of 5°min~". The particle samples
for field-emission scanning electron microscopy (SEM, Philips XL30
FEG) were dispersed on glass and subjected to gold sputtering prior to
observation. The size of the particles in water was analyzed with an
LS230 laser particle-size analyzer from Beckman Coulter, Inc. The fine
silver microcrystals were observed under a Leica XS-402P polarizing mi-
croscope made in Germany. Nitrogen adsorption/desorption isotherms
were measured with a Micromeritics Tristar 3000 analyzer at 77 K. The
BET method was utilized to calculate the surface area. The pore volume
and pore size distributions were derived from the adsorption branches of
the isotherms by the BJH method. The pH value of the adsorption solu-
tion was measured by a PHS-3C pH digital indicator. Thermogravimetry
was carried out at a heating rate of 10°C min ' within the temperature
range of 30-700°C with a Stanton-Redcroft STA 449 C Jupiter TG ana-
lyzer in static air atmosphere. The relative error for the various measure-
ments is less than 5%.
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