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ABSTRACT

The dichlorotriazinyl dye-ligand Procion Red HE-3B-anchored
poly(EGDMA-HEMA) membranes were used for removal of
heavy metal ions (i.e., copper, arsenic, cadmium and mercury)
from aqueous media containing different amounts of these ions
(0.1-4.5 mmol/L) and at different pH values (2.0-8.0). The HE-
3B-anchored membranes from their single solutions were 6.4
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mmol/nt for Cu(ll), 30.1 mmol/rAfor As(lll), 76.3 mmol/m

for Cd(ll) and 130.3 mmol/frfor Hg(1l). When the heay metal

ions competed (in the case of the adsorption from their mixture)
the adsorption capacities were 7.8 mmolfior Cu(ll), 24.5
mmol/nf for As(Ill), 27.6 mmol/m for Cd(ll) and 42.3
mmol/nf for Hg(ll). The same dinity order was obsered under
non-competitre and competitie adsorption which as as fol
lows: Hg(ll) > Cd(ll) >As(lll) > Cu(ll). The adsorption of
heary metal ions increased with increasing pH and reached a
plateau alue at around pH 5.0. Hea metal ion adsorption
from artificial wastevater was also studiedThe adsorption
capacities are 4.1 mmolfior Cu(ll), 12.5 mmol/rhfor As(lll),

16.7 mmol/m for Cd(ll) and 21.3 mmol/m for Hg(ll).
Desorption of heay metal ions was achieed using 0.1 M
HNO’. The Procion Red HE-3B-anchored membranes are suit
able for repeated use for more thanybles without noticeable
loss of capacity

INTRODUCTION

Pollution of water sources (e.gvars, lales and undground-vater) by
heary metal ions is important due to their toxifeets on human pisiology and
other biological-ecological systemsea at ery lov concentrations [1]The
necessity of remal of heay metal ions in \aste vater streams of yldro-
metallugical and other metal industries, and subsequent possible re-use of these
valuable metal ions, has led to an increasing interest in selasctibents [2-4].
Membrane separation has attradtedteasing attention for its potential capabil
ity in the feld of separation, and it has beenwhdo be an déctive technique
(minimizes mass transfer limitations andfuion times) in remval of heay
metal ions from aquatic media. Membrane separation is also a promising tech
nology from the engly-saving point of viev for the selectie separation of heg
metal ions [5].

In the present studyve prepared Procion Red HE-3B anchored micro
porous poly(2-gdroxy etlyl methacrylate) [poly(HEMA)] membranes for
removal of heary metal ions. Swellable and micro-porous poly(HEMA) rmem
brane sorbent &s frst prepared by photo-polymerization of HEMA. Procion
Red HE-3B vas then attached ealently as a dye-lignd for heay metal adsorp
tion. This speciic sorbent system in the membrane foraswstudied in adsorp
tion/desorption of some selected Weanetal ions, i.e., Cu(I)As(lIIl), Cd(ll)
and Hg(ll) from aqueous media.
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EXPERIMENTAL

Procion Red HE-3B-Attached Bly(HEMA) Membranes

The poly(2-lydroxyettyl methacrylate) membraneas prepared as pre
viously described [6]The monomerHEMA, was obtained from Fluka.G.
(Buchs, Switzerland), distilled under reduced pressure in the presenar@f h
quinone and stored af@ until use. 2 ml of HEMA containing 5 mg azebi
sisolutyronitrile (Fluka, Switzerland) as polymerization initiatasamied with
3 ml of 0.1 M SnCl The mixture vas then poured into a round glass mold (9 cm
in diameter) and>g@osed to ultraiolet radiation for 10 minutes under nitrogen
atmosphereThe membrane obtainedaw washed seeral times with distilled
water and cut into circular pieces (1.0 cm in diameter) with a perforator

Preparation and characterization of the poly(HEMA) membranes were
reported in our prgous papers [6, 7].df the attachment of Procion Red HE-3B
on the poly(HEMA) membrane sade, the follaving procedure as applied:

100 ml of solution containing 500 mg Procion Red HE-3B (BDH Ltd., UK3 w
poured into 50 ml of distilled ater of the poly(HEMA) membrane pieces, and
then 5.0 g of NaOH ®ms addedThese were then heated in a sealed reactor at
80°C for 4 hours at a stirring rate of 400 rpimy remaining chlorine atoms in
the dye structure, after coupling, can bevested to amino groups by treating
with 2 M NH,CI at pH 8.5 for 24 hours at room temperatUige Procion Red
HE-3B-anchored poly(HEMA) membranes were rgath and vashed with dis
tilled water and methanol geral times until all the pfsically adsorbed dye
molecules were remved. The amount of Procion Red HE-3B moleculesao
lently attached to the poly(HEMA) membranasicalculated from the elemen

tal analysis data of the dried samples obtained by using an elemental analysis
device (Leco, CHNS-932, USA).

FTIR spectra of the Procion Red HE-3B, the plain and Procion Red HE-
3B-anchored poly(HEMA) membranes were obtained by using a FTIR spec
trophotometer (FTIR 8000 Series, Shimadzu, Japé@ng. dry poly(HEMA)
membrane (about 0.1 g)aw thoroughly mied with KBr (0.1 g, IR Grade,
Merck, Germap), and pressed into a pellet, and the spectrasithen recorded.
KBr was used for background elimination in the FTIR spectra.

Heavy Metal Adsorption/Desorption

Heary metal ions adsorption from the single metal (nitrates were used)
aqueous solutionsas irvestigated in batch adsorption-equilibriumperiments.
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Effects of the initial concentration of metal ions and pH of the medium on the
adsorption capacity were studied. 20 ml of agueous metal ion solutions with dif
ferent concentrations (in the range of 0.1-4.5 mmol/L) were incubated with the
untreated and/or Procion Red HE-3B-anchored membranes (§0andif-
ferent pH (in the range of 2.0-8.0, adjusted with HC| and NaOH) at room tem
perature, in the flasks agitated magnetically at 600 Tr@.adsorption time as
selected as 60 minutes in the preliminaxperiments, which as assumed as
the equilibrium adsorption time, because theas wo signitant change in the
amount of adsorption after 60 minutése membranes were separated from the
adsorption medium at the end of each adsorptiper@ment, and the concentra
tion of the metal ions in the agueous phass wieasured by graphite furnace
atomic absorption spectrophotome(&AS, GBC 932AA, Australia). Wave-
lengths are 193.7 nm fés(lIl), 228.8 nm for Cd(ll), 253.7 nm for Hg(ll) and
324.8 nm for Cu(ll)Hg(ll) concentration w&s determined bpAS connected
with Hydrid Generator (GBC HG 300l instrumental conditions were opti
mized for maximum sensiity as described by the maimgturer For each sam

ple, the mean of 1BAS measurementsag recordedThe amount of adsorbed
heary metal ions vas calculated as:

Q=[(Co-Ca). V]/ A ey

Where, Q is the amount of metal ions adsorbed onto unécsudrea of the
membrane (mmol/fi; C, and G, are the concentrations of the metal ions in the
initial solution and in the aqueous phase after adsorption, resgg¢tnmol/L);
V is the wlume of the aqueous phase (L); @& the surlce area of the mem
brane ().

Competitve adsorption of heg metal ions from their mixture ag also
investicated in a batch-wise mannélitrate salts were used for Cu(ll), Cd(ll)
and Hg(ll) ions sourcéAs,0; was used foAs(lll) source.A solution (20 ml)
containing 0.5 mmol/L from each metal ionasmMreated with the Procion Red
HE-3B-anchored membranes at a pH of 7.0 at room temperature, in the flasks
stirred magnetically at 600 rprfter adsorption equilibrium, the concentration
of the metal ions in the remaining solutioassmeasued by an atomic absorption
spectrophotometer

Adsorption of heay metal ions from arti€ial wastevater was carried
out in batch wise mannek solution (20 ml) containing 0.5 mmol/L from each
metal ions [i.e., Cu(ll)As(lll), Cd(Il) and Hg(ll)] was incubated with the
Procion Red HE-3B-anchored membranes at a pH of 6.8 at room temperature, in
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the flasks stirred magnetically at 600 rphmtificial wastevater also contains
Ni(Il), Zn(11), Fe(ll), Co(ll), Sn(Il) andAg(l). Concentration of each metal ions
in artificial waste vater is 0.1 mmol/L. In order to adjust salinip0 ppm NacCl
was added to the aiitifal wastevater After adsorption, the concentration of the
metal ions in the remaining solutiorasrdetermined as described aho

In order to determine the reusability of the Procion Red HE-3B-anchored
membranes, consecdi adsorption-desorptioryces were repeatedvé times
by using the same membranes. Desorption ofyheeetal ions vas achieed by
using 0.1 M HNQ. The Procion Red HE-3B-anchored membranes carrying 6.5
mmol Cu(ll)/nf; 20.2 mmol As(lll)/m?% 23.1 mmol Cd(Il)/riA 39.4 mmol
Hg(ll)/m® were placed in this desorption medium and stirred at 600 rpm for
30 min at room temperatur€he inal metal ion concentration in the aqueous
phase s determined by using an atomic absorption spectrophotorhbeer
desorption ratio was calculated from the amount of metal ions initially loaded on
the membranes and thedl metal ions concentration in the desorption medium.

RESULTS AND DISCUSSION

Structur e of Chelating Resin

The poly(HEMA) membranes used in the present study were prepared
and characterized as in our earlier papers [6#8&se membranes angdnophilic,
crosslinked structures which swellubnot dissole in aqueous media depending
on the dgree of crosslinking densityhe equilibrium swelling ratio is 58%
(Wiw).

Procion Red HE-3B as used as the dye+igd, and cealently attached to the
poly(HEMA) membranesThe chemical structure of Procion Red HE-3B is
given in Figure 1. It should be noted that the possiblgeagtioups to react with
heary metal ions are S®I-, NH, N=N, triazine and OH groups. FTIR spectra of
plain poly(HEMA), Procion Red HE-3B and poly(HEMA)-Procion Red HE-3B
are gven in Figure 2. FTIR spectra of both poly(HEMA) and poly(HEMA)-
Procion Red HE-3B he the characteristic stretching vibration band yadrb-
gen bonded alcohol, O-H, around 3500"cifhe FTIR spectra of Procion Red
HE-3B-attached poly(HEMA) has some absorption banderdiit than those of
poly(HEMA). These are at 3380 ¢in1565 crit and 1280 cm characteristic
N-H stretching, conjugted C=N and aromatic C-N vibration, respesii
obsened also in Procion Red HE-3B (Figure 1). Procion Red HE-3B-attached
poly(HEMA) has a sharp shoulder absorption band at about 350@rainter
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Figure 1. Chemical Structure of Procion Red HE-3B.

preted as the N-H absorptiofihe bands at 1075 ¢hand 1155 cr represent
symmetric stretching of S=0O and asymmetric stretching of S=0, respgcti

are due to Procion Red HE-3B bonded to poly(HEM&jese bands, ever,

do not appeabecause plain poly(HEMA) also has some absorption bands in the
same rgion. Thus, absorption bands of plain poly(HEMAJ)eolap with those of

N\

®

4000 3000 2000 1000
Wavenumbers, cm ™!

Figure 2. FTIR Spectra of (A) poly(HEMA); (B) Procion Red HE-3B; (C)
Procion Red HE-3B-anchored poly(HEMA) membrane.
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the Procion Red HE-3B at around thesavemumbers. & dye attached
poly(HEMA) absorption band intensities in thigien are higher than those of
poly(HEMA), but the intensity increase is quite small because of thector
centration of Procion Red HE-3B on polymeric agd. On the other hand
hydrogen bonded alcohol O-H stretching band intensity of plain poly(HEMA) is
higher than that of poly(HEMA)-Procion Red HE-3B membrdaie reason for

the loss of the -OH groups is as a result of the condensation reaction between
-OH groups of poly(HEMA) and CI atoms of Procion Red HE-3B.

Elemental analysis of the plain and Procion Red HE-3B-anchored
poly(HEMA) membranes were performed, and the incorporation of the Procion
Red HE-3B vas found to be 17.5 mmolfrfrom the nitrogen and sulphur stoi
chiometry

Procion Red HE-3B leakageaw also follaved. There were no leakage
in ary of the adsorption and desorption media, which assured thataiteng
procedure used in the for rewab of physically adsorbed Procion Red HE-3B
molecules from the poly(HEMA) membranasvsatisictory

Adsorption of Heavy Metal lons

Effects of Initial Concengtion of Metal lons

Adsorption capacities of the hgametal ions of the Procion Red HE-
3B-anchored membranes arewhaas a function of the initial concentration of
metal ions within the aqueous phase in Figure 3. Note that these adsorption
curves were obtained in thegeriments where adsorptions from the single metal
agueous solutions were studied. Hswobsergd that the amount of adsorption
was signiicantly increased with increasing of the initial ingganetal concentra
tion especially in the case Hg(ll) and also for Cd{The maximum adsorption
capacities of the Procion Red HE-3B-anchored membranes in the studied range
are 6.4 mmol/h 30.1 mmol/m, 76.3 mmol/rand 130.3 mmol/ffor Cu(ll),

As(IIl), Cd(lI) and Hg(ll), respectiely. The afinity order is Hg(ll) > Cd(ll) >
As(lll) > Cu(ll).

As mentioned before, unit sade area of the sorbent carries 17.5 mmol
Procion Red HE-3B which &s found by elemental analysis. From the-stoi
chiometry it seems that one immobilized Procion Red HE-3B molecule interact
from one to eight metal ions depending on the type of metal. Note that the S, N
and O atoms of Procion Red HE-3B araikable for interaction with hesg
metal ions.The number of thevailable actie sites does not match with the
number of heay metal ions adsorbedhe heay metal ions adsorption on the
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Figure 3. Heary metal ions adsorption capacity of the Procion Red HE-3B-
anchored poly(HEMA) membraneBemperature: 2 and pH: 7.0 and total mem
brane suice area in each batch: 0.0%Lm

plain membranes (carrying no Procion Red HE-3B) is x&igtiow, about 0.54
mmol/nt for Cu(Il), 0.33nmol/nt for As(l1l), 1.07mmol/nt for Cd(ll) and 3.26
mmol/nt for Hg(Il). Note that these membranes are highly swellable and also
microporous, which therefore, may absorb (or entrapyyhazetal ions within

the matrix of the sellen membrane. In addition, theydroxyl and carboyi
groups may interact with hea metal ions (similar to soatation with vater),
which may cause these non-spieeifdsorption. It seems that the adsorbedyea
metal ions are interacting with the kganetal ions coming to the same adsorp
tion site during the adsorption process, as a result, the adsorption is net mono
layer, but rather multilayer (non-Langmuir type).

For comparison of adsorption capacities of the Procion Red HE-3B-
anchored membranes, we calculated digtigm coeficients (K;) of metal ions
between the sorbent phase and the adsorption medium at equilibrium, by using
the folloving expression.
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Adsorbed Metal Ion (mmol) / Unit Surface Area of Membrane (m2)

Ky = @)

Amount of Metal Ion in Solution (mmol) / Volume of solution (ml)

Note that the distriltion coeficient defned as the ratio of the amount of
metal ion adsorbed by unit sace area of the polymeric membrane to the
amount of metal ion retained in 1 ml of the solutiGable 1 gves the Kvalues.

As seen here, much higher¥alue (indicating preferential adsorptionasv
obtained for Hg(ll) ions than for Cd(IIAs(Ill) and Cu(ll) ions.

Sorbents used in heametal remwal are in particulate form in most of
the cases. Reed and Matsumoto reported 90-120 mmol Cd{N)fimactivated
carbon haing different porosities [9]. Emva et al. have found 62.1 mmol ura
nium/nt removal by amidoxime containing acrylonitrilewiiiylbenzene copoly
merbeads [10]. Maeda and &wa sheved \ery lowv adsorption capacities which
1.5 mmol Pb(l)/m and 1.6 mmol Cu(ll)/fhby using metjimethacrylate-
diviniylbenzene copolymer beads-aminonyggphosphonic acid macro-
reticular chelating polymeric resin-containing poly(styrenengi-benzene)
sorbents [11]. Denizket al.used dye-dinity poly(HEMA) and polyvirylbutyral
membranes for heg metal adsorption [6,8,12]The maximum amounts of
adsorption capacities ached were 22.2-61.0 mmol Cd(Il)/B84.2-79.0 mmol
Pb(ll)/mfand 16.8 mmol Zn(ll)/ Comparing these data, it seems that the
adsorption capacities aches with the dye-attached membranes are aatisfy

Effects of pH

Metal ion adsorption onto non-specifand specit sorbents is pH
dependent [13-16]. In the absence of coxiplg agents, theydrolysis and pre

TABLE 1. Distribution Coefficients

Metal lons Kd

Cu(lly 14 942
As(lll) 67 785
cd(ll) 85 873

Hg(ll) 371 698
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Figure 4. Effect of pH on adsorption of heametal ions on the Procion Red HE-
3B-anchored poly(HEMA) membranéemperature: 2€ and total membrane sur

face area in each batch: 0.0¥Lminitial concentration of metal ions: 0.78 mmol/L
for Cu(ll) and 0.5 mmol/L foAs(lIl), Cd(ll) and Hg(ll).

cipitation of the metal ions arefafted by the concentration and form of soluble
metal speciesThe solubility of metal ions is gerned by kdroxide or carbon
ate concentratiorAs discussed in details by Reed and Matsumoto [J/d;ah
ysis of metal ions becomes sigo#nt at approximately pH 7.5-8.5 for studied
metal ions.Therefore, in the present stydye changed the pH range between
2.0-8.0.The efect of pH on heay metal adsorption is illustrated in Figure 4. It
was obsergd that the adsorption capacities increased with increasing pH; reach
ing plateau @lues at around pH 5.0. Platealues are 6.7 mmol/nfor Cu(ll),
27.5 mmol/mfor As(lll), 36.1 mmol/rd for Cd(ll) and 62.3 mmol/fAfor Hg(ll).
The diference in adsorptionalues can bexplained by the dierent afinity of

the heay metal ions for the donor atoms in the dyeatid Procion Red HE-3B.

Competitive Adsorption

Adsorption capacities of the Procion Red HE-3B-anchored membranes
for metal ions under competi@ conditions (adsorption from solutions eon
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TABLE 2. Comparison of Adsorption of Heavy Metal
lons on the Procion Red HE-3B-Anchored Membranes:
Concentration of Each Metal lons: 0.5 mmol/L; pH: 7.0,

T: 20°C.

lons Non-Competitive Adsorption Competitive Adsorption
(mmolim?2) (mmol/m2)

Cu(ll) 65104 7.8+0.6

As(lll) 20.2+1.1 245+0.9

Cd(ln 23.1+1.2 276+0.8

Hg(lll) 39.4+15 42314

taining all heay metal ions) for Cu(Il)As(lll), Cd(Il) and Hg(ll) are gien in
Table 2. It should be noted that the compegitadsorption capacities of the
Procion Red HE-3B-anchored membranes for all metal ions were much higher
than non-competite conditionsThe non-competitie adsorption capacities are
6.5 mmol/ni for Cu(ll), 20.2 mmol/rhfor As(lll), 23.1 mmol/nf for Cd(ll) and
39.4 mmol/m for Hg(ll) at 0.5 mmol/L initial concentration. But, the competi
tive adsorption capacities are higher than non-compettisorption capacities.
They are 7.8 mmol/thfor Cu(ll), 24.5 mmol/rhfor As(Ill), 27.6 mmol/n for
Cd(ll) and 42.3 mmol/fnfor Hg(ll). The Procion Red HE-3B-anchored mem
branes rhibits the follaving metal ion dinity sequence under competéi
adsorption conditions: Hg(ll) > Cd(Il) As(Ill) > Cu(ll).

Adsorption from Artif icial Wastewater

Adsorption capacities of the Procion Red-anchored membranes from
artificial waste-vater for Cu(ll),As(lIl), Cd(ll) and Hg(ll) are shan in Table
3. It is worth noting that the adsorption capacities of the Procion Red HE-3B-
anchored membranes from adi&l wastavater for all metal ions were much
lower than the competite conditions and single solutionShe adsorption
capacities are 4.1 mmolfrfor Cu(ll), 12.5 mmol/rh for As(Ill), 16.7
mmol/nt for Cd(ll) and 21.3 mmol/ffor Hg(Il). The Procion Red HE-3B-
anchored membraneshabits the follaving metal ion dinity sequence:
Hg(ll) > Cd(I1) > As(lll) > Cu(ll). In this case, Procion Red HE-3B-anchored
membranes adsorbeather metal ions alsol'herefore, adsorption of other
metal ions reduces the adsorption capacities of CugB}lIl), Cd(ll) and
Hg(ll) of membranes.
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TABLE 3. Adsorption of Heavy Metal lons from Artificial
Wastewater on the Procion Red HE-3B-Anchored Membranes:
Concentration of Each Metal lons: 0.5 mmol/L, pH: 6.8, T: 20°C

lons Adsorbed lon
(mmol/m?)
Cu(lly 41+0.3
As(ll) 125+0.9
cd(ll) 16.7 £ 1.1
Hg(lll) 21.3+1.4

Regeneration of Membranes

To be useful in metal ion rgcling prosesses, metal ions chelated should
be easily desorbed under suitable conditions. Desorptjperienents were per
formed with 0.1 M HNQ@ as the desorption agerfithe Procion Red HE-3B-
anchored membranes loaded the maximum amounts of the respeetal ions
were placed within the desorption medium and the amount of metal iens de
sorbed in 30 minutes a8 measuredlable 4 shws the adsorption-desorption
values of heay metal ions by Procion Red HE-3B-anchored membranes after
several g/cles of consecute adsorption and desorptidrhis table clearly shas

TABLE 4. Heavy Metal lons Adsorption Capacity of Procion Red
HE-3B-Anchored Poly(HEMA)membranes After Consecutive
Adsorption and Desorption. Total Membrane Surface Area in Each
Batch: 0.01 m?/L. Initial Concentrations of Metal lons 0.5 mmol/L

Cycle Cu(ll) As(ll) cdil Hg(ll)

No
Adsorption Desorption Adsorption Desorption Adsorption Desorption Adsorption  Desorption
(mmolim?) (%) (mmolim?) (%) (mmol/im?) (%) (mmolim?) (%)

1 6.50 98.3 20.20 99.7 23.12 97.5 39.40 98.4

2 6.47 971 20.15 98.5 23.02 98.1 39.27 97.6

3 6.41 97.5 20.12 99.1 22.89 97.7 39.11 98.5

4 6.39 98.9 19.95 97.3 22.75 99.1 38.86 98.8

5 6.35 98.6 19.87 98.8 22.66 97.3 38.74 99.1
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that the Procion Red HE-3B-anchored membranes can be used repeatedly with
out losing signitcantly their adsorption capacities for all metal ions studied here.

CONCLUSION

Microporous poly(HEMA) membranes containing 17.5 mmol Procion
Red HE-3B/m were used for adsorption/desorption of Cu@(ll1), Cd(Il)
and Hg(ll) ion from aqueous solution under non-competiind competivie
conditions. Important results werevgn as follevs: The maximum adsorption
capacities of these fafity membranes from their single metal ions solutions
were 6.4 mmol/mfor Cu(ll), 30.1 mmol/rhfor As(lll), 76.3 mmol/m for Cd(ll)
and 130.3nmol/nt for Hg(ll). When the heay metal ions competed (in the case
of the adsorption from their mixture) the amounts of adsorption were 7.8
mmol/nt for Cu(ll), 24.5 mmol/rhfor As(Ill), 27.6 mmol/ni for Cd(ll) and 42.3
mmol/nt for Hg(ll) at 0.5 mmol/L initial concentration. Procion Red HE-3B-
anchored membranesghebits the follaving metal ion dinity sequence under
non-competitre and competie conditions: Cu(ll) fAs(I11) < Cd(ll) < Hg(ll).
The adsorption capacities of the Procion Red HE-3B-anchored membranes from
artificial wastavater for all metal ions were muchwer than the competie
conditions The adsorption capacities are 4.1 mmékion Cu(ll), 12.5 mmol/rh
for As(lll), 16.7 mmol/r for Cd(ll) and 21.3 mmol/ffor Hg(ll). Consecutie
adsorption and desorptiogates shwed the feasibility of this Procion Red HE-
3B-anchored membranes for kiganetal adsorption.
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