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Abstract

The effect of formaldehyde (HCHO) on the extraction of Cu(ll) from an equimolar EDTA (ethylenediaminetetraacetic;agghlktion
with Aliquat 336 in kerosene (a quaternary amine) was examined. Experiments were carried out at different initial concentrations of Cu(ll)
(1.57-5 mol/m), solution pH (3.0-8.0), HCHO concentrations (0-3 vol.%), Aliquat 336 concentrations (80—40C)nalfe temperatures
(15-35°C). It was shown that the distribution ratio®)(of Cu(ll), which exists in the form of complexed anions CGuLincreased with
increasing equilibrium pH (pk), but reached a plateau at gf# 4 for the system without HCHO and at pi# 4.5 for the system with
1vol.% HCHO. TheD values increased with increasing HCHO concentration, likely due to the reduction of Cu(ll) to Cu(l) by HCHO in
solution. A semi-empirical two-parameter model was proposed to describe the extraction equilibrium, in which the non-ideality in organic
phases was considered. The thermodynamic parameters were also evaluated and discussed.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction In general, the methods for treating such complexed so-
lutions depend greatly on the particular complexing agents
Discharges from the manufacturing of printed circuit and metals involved and on their concentrations. Adsorp-
boards for electroless copper platifig, chemical cleaning  tion using activated carbons has been found to be insuffi-
solutions for (power) plant boilef®,3], and washing efflu-  cient although it is widely applied for the removal of or-
ents for remediation of metal-contaminated spi|§] always ganic pollutants[7]. Reverse osmosis has high operation
contain various complexing agents. It is recognized that the and maintenance costs for dilute solutions and is subject to
presence of strong complexing agents such as ethylenedifouling. lon exchange and solvent extraction are hence the
aminetetraacetic acid (EDTA), nitrilotriacetic acid (NTA), two promising candidates for the removal of metals from
and citrate makes removal of heavy metals from water un- wastewater. They are operated in different devices although
satisfactory using conventional chemical precipitation meth- they have similar chemical principlg8]. Previous stud-
ods (such as hydroxides and sulfides) as well as chemicalies have shown that Cu(ll) can be effectively co-extracted
coagulation and flocculation proces$&k Furthermore, the  with EDTA or NTA in the form of the complexed an-
high buffer capacity provided by the complexing agents re- ions from agueous streams with quaternary amines such as
quires excessive amounts of chemicals to neutralize the alka-Aliquat 336 (trin-octylmethylammonium chloridgp—11].
linity. These problems and restrictions warrant investigations Thus, the acceptable distribution ratio offers the possibility

on other recovery alternatives. of using solvent extraction for removal of Cu(ll) from such
complexed solutions.
* Corresponding author. Fax: +886 3 4559373. Besides Cu(ll) and strong cqmplexmg agents such as
E-mail addressrsjuang@ce.yzu.edu.tw (R.-S. Juang). EDTA, however, the solution typically contains 1-3vol.%
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Nomenclature

N activity of species

Cul?~ Cu(Il)-EDTA complexed anion

Cul®~ Cu(l)-EDTA complexed anion

D distribution ratio of CuB~ or Cul3~

Hal EDTA molecule

NR4CI Aliquat 336

Kex concentration-based equilibrium constant de-
fined in Eq.(8) (-)

K, equilibrium constant based on activity coeffi-
cient defined in Eq(9)

T absolute temperature (K)

1 molar concentration of species in the bracket

(mol/md)

Greek letter

Vi activity coefficient of specieis
Superscript

0 thermodynamic basis
Subscripts

eq equilibrium value

0 initial (total) value

of formaldehyde (HCHO) as the reducing agent in electro-
less copper plating for printed circuit board manufacturing
[1]. In this work, effect of the presence of HCHO on the ex-
traction of Cu(ll) from synthetic, equimolar complexed solu-
tion using Aliquat 336 was studied. This knowledge is quite
essential whether solvent extraction is operated in the de-
vices of packed towers, mixer-settlers or membrane contac-
tors. The rinse solution, instead of thieginal waste effluent,

was focused here. Experiments were performed as a func-

tion of initial concentration of Cu(ll) (1.57-5 molfj so-
lution pH (3.0-8.0), HCHO concentration (0-3 vol.%), Ali-
quat 336 concentration (80—400 mofinand temperature
(15-35°C). The extraction equilibrium constants and related
thermodynamic parameters includingz®, AH®, andAS®

in the present extraction process were also evaluated.

2. Experimental
2.1. Reagents and solutions

Aliquat 336 (FW 404.16) was supplied from Aldrich Co.
Prior to use it was washed with dilute HC1 (0.1 mol&rso-
lution to remove water-soluble impurities. Kerosene, offered
from the Union Chemical Ltd., Taiwan, was washed twice
with 20 vol.% HSO4 to remove aromatics before use. It was
finally washed three times with deionized water (Millipore
Milli-Q). In this work, 5 vol.% ofn-decanol (Merck Co.) was
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added in the organic solution to avoid the formation of third
phase or emulsions. Formaldehyde, disodium salt of EDTA,
CuCb, CucCl, and other inorganic chemicals (NaOH, HC1)
were all supplied by Merck Co., as analytical reagent grade.
The organic solution was prepared by diluting Aliquat 336
in kerosene and-decanol, and the initial concentration of
Aliquat 336 ranged from 80 to 400 molAnThe aqueous
solution was prepared by dissolving equimolar amounts of
CuCb (or CuCl) and EDTA in deionized water, to which
1-3vol.% of HCHO was added in some cases. The initial
concentration of Cu(ll) ranged from 1.57 to 5 mof/m

2.2. Experimental procedures

In extraction experiments, equal volumes (5Gcerch)

of the organic and aqueous phases were placed in a 250-
cm® glass-stoppered flask, and were agitated with a mag-
netic stirrer at 400 rpm for 24 h. Preliminary experiments had
shown that the extraction reactions were complete within
12h[10,11] The temperature was controlled in the range
15-35°C in water bath. After phase separation, the con-
centration of CI in aqueous phase was analyzed with an
ICP-AES (Jovin Yvon, JY-38S, France) equipped with a
flame ionization detector, and that of metal was analysed
with an atomic absorption spectrophotometer (Varian 220FS,
USA). The concentration of HCHO in aqueous phase was
determined by gas chromatography (Varian CP-3800, USA).
Moreover, the concentration of copper in organic phase was
obtained from a mass balance. Each experiment was dupli-
cated at least under identical conditions. The reproducibility
of concentration measurements was mostly within 3%.

3. Results and discussion
3.1. Effect of pH on extraction

It is known that EDTA (HL) exists in a number of pro-
tonated forms in aqueous phase, which readily forms sta-
ble complexes with most heavy metals in a 1:1 molar ratio.
For a dilute equimolar solution of Cu(ll) and EDTA, e.g.,
10 mol/n?, the divalent anions CU absolutely predomi-
nate at 3 <pH <12 and the univalent anions Catit pH <3
[10].

Under the initial pH ranges studied here (3.0-8.0), the
extraction reaction of CUA- with Aliquat 336 (NR,CI) can
be expressed by

Cul?™ + 2NR4Cl < (NRg),CuL + 2CI~ (1)

where the overbar refers to the organic ph&sg. 1 shows
the distribution ratio® of CuL?~ at different equilibrium
pH (pHeg), in which D is defined by

_ [(NRg),CuL] _ [CuL®"Jo — [CuL?"]
- [CuL?z] [CuL?"]

)

Dey2-
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Fig. 1. Effect of equilibrium pH (pky) on the distribution ratioD

([Cu?*]o =5 mol/m?, [NR4Cl]o = 80—400 mol/r).

Itis found that thé value increases with increasing gH
and reaches a plateau atgyt 4; but the plateal value is
present at pgh,= 4.5 when aqueous solution contains 1 vol.%

HCHO (Fig. 1b).

3.2. Effect of extractant concentration on extraction

TheD values of Cul2~ at different Aliquat 336 concen-
trations are shown ifrig. 2 A linear increase ob is found
with increasing extractant concentration. The slope is larger
at higher pH and this effect is less pronounced atq+b
(Fig. 2a). However, such behavior occurs atgeH/ with
1vol.% HCHO fig. 2b). This indicates that the extraction
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efficiency would increase by the addition of HCHO.

3.3. Effect of formaldehyde on extraction

The effect of HCHO concentration on extraction of CulL
with Aliquat 336 at pid=5 and 7 is shown ifFig. 3. It is
found that théD value increases with increasing HCHO con-
centration, and the larger extraction is obtained at a higher
pHo. HCHO is chemically the most reactive among the alde-
hydes. Ordinary oxidizing agents readily oxidize HCHO to
HCOOH[12,13] The increased value is likely because an
amount of Cu(ll) is, at least partially, reduced to Cu(l), which
exists in the form of trivalent anions C8t, by HCHO. As
expectedFig. 4justifies the higheb values of Cul~ anions
for extraction with Aliquat 336 compared to C@iLanions. It

3.5 T T T T T T

30k 0 vol% HCHO
2.5 | Cu(ll)-EDTA system
[Cuz*](): 5 mol/m®

~20F 25°C

1 vol% HCHO

D()

B

0 1 | 1 | I I
50 100 150 200 250 300 350

[NR4CI]_, (mol/md)

400

450

Fig. 2. Effect of equilibrium Aliquat 336 concentration on the distribution

ratio D ([Cu2*]o =5 mol/n?, pHy = 3-8).

ducted in single Cu(l)- and Cu(ll)-EDTA solutions, rather

than the mixed solutions.

Besides EDTA, Cu(ll), and HCHO, the typical electroless
copper plating solution for printed circuit board manufactur-
ing consists of 6-10g/L NaOIH]. The rinse solution pH
is near 10 and 11. Under this circumstance, the following

oxidation—reduction reaction takes place

CulL? +2HCHO + 40H~

— Cu(s)+ 2HCOO™ +Hy+2H,0 + L+ (3)
7
3 ® pH=5 i
g
Cu(ll)-EDTA system
[Cu?*],= 5 mol/m®
1k 25°C .
0 L 1 1 1 L 1
0.5 1.0 15 2.0 25 3.0 35

HCHO concentration (vol%)

_ Fig. 3. Effect of HCHO concentration on the distribution rati®
should be noted that these experiments were separately congCu?*]o =5 mol/m?, [NR4C1]o = 240 mol/nt).
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Fig. 4. Effect of equilibrium Aliquat 336 concentration on the distribution
ratio of Cul?~ and Cul®~ at pHy=5.

In this work, the solution pH should be adjusted below 8
because OH will strongly compete with Cuf~ for extrac- 5
tion at alkaline solutiongl0].

Table 1shows that the consumption of HCHO in the so- 4
lution occurs after extraction process. Although Moussavi et ‘;é
al.[13] have reported that HCHO in effluents can be oxidized X 3

by air oxygen, this experimental factor was carefully checked <
and was excluded here. In blank experiments (i.e., without ex- 2
traction), however, no colloidal Cu(s) particles were detected

in complexed solutions at pH 6 even with 6 vol.% HCHO 1
by comparing metal concentration of the samples taken be-

fore and after high-speed centrifugation (6000 rpm). Itis rea- 0

sonable to deduce that the product of partial reduction, Cu(l),
is present in the solution according to
2Cul®™ + HCHO + 30H~

— 2Cu" 4+HCOO + 2L* 4 2H,0 (4)

1
-0.2 -0.1

log [HCHO],

0.1

Fig. 5. Relationship between I@ and log[HCHO] at pHq=4 and 6
(INR4Cl]o = 240 mol/n?, [Cu?*]g =5 mol/n®).

T
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—A— 1 vol% HCHO

1 1 | L 1

50
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3.4. Extraction reaction equilibrium

The relationship between tiievalue and HCHO concen-
trationis shownirrig. 5. Inthe present systems, the following
equations are obtained at 25.

450

Fig. 6. Effectofequilibrium Aliquat 336 concentration on the concentration-
based equilibrium constant ([Et]o = 5 mol/n?).

It is evident fromFig. 6 that theKegy value does not re-
main constant; it changes with extractant concentration. We

carefully repeat the experiments and do obtain reproducible

log D = 0.77+ log [HCHOP13  (pHeq = 4) (5)

log D = 0.83+ log [HCHOPY®  (pHeq = 6) (6)

Table 1

Relationship between the distribution ratio of Calor Cul®~ at 25°C and the amount of HCHO consumed after solvent extraction

results. This likely means the non-ideal behavior in organic

phases no matter with HCHO or ndi0,14-16]
The thermodynamic equilibrium constant of E(l.),

KSX, for the Cu(I)-EDTA system, for example, can be

Aqueous solution Total consumption HCHO Aliquat extracted HCHO reacted with D(-)
of HCHO (mL/L) by 336 (mL/L) Cul?~ (mL/L)

Cul?~, 0vol.% HCHO - - - %

Cul?~ 1vol.% HCHO 16 10 06 51

Cul?~, 2vol.% HCHO 29 18 11 55

Cul?~, 3vol.% HCHO 52 38 14 59

CuL3-, 0vol.% HCHO - -




S.-H. Lin et al. / Journal of Hazardous Materials A120 (2005) 1-7 5

written as T ' ' '
. a2 22 O 0vol% HCHO T
NR4)2CuL%cI- A 1vol% HCHO
K§= 52" C = Kaky @)
ARy CuL? 24 .

whereKey is the concentration-based equilibrium constant
defined as

_ [(NRaj,CuLj[cI]*
"~ [NRsCIP[CuL? ]

In addition,K,, is given as function of the activity coeffi- -3.0 1 257, Cu-EDTA system
[Cuz*]oz 5 mol/m®

-2.6 -

log K.,

Kex (8) 28

cients by
5 32 ! | 1 | 1 1 1 |
Y(NRs),CuLYcI- 1.8 2.0 22 2.4 2.6
Ky = )/72 YcuL2 © log [NR,Cll,,
NR4CI/ CuL™™
wherev; represents the activity coefficient of speciek, Fig. |/7r+]3§eelati0n3hip between 16Gx and log[NR.Clleq ([CUL? Jo=
5mo .

will equal 1 if ideal solutions (extremely diluted solutions)
are assumed.

The non-ideality of organic phase in reactive extraction due to the interaction or aggregation of the organic-phase
systems is usually expressed in terms of ideal associated sospecies involving quaternary aming9-22] For example,
lution concept, i.e., aggregation of complef®8,11,14-17] it was found that most of tn-octylmethylammomium ni-

In extraction of HNQ with the nitrate salt of Aliquat 336,  trate in benzene forms tetramers in the range of amine con-
the non-ideal behavior of organic phase was considered astentration of 10-1000 mol/#{21], because of the possible
suming that the logarithm of activity coefficient ratio of the  formation of G-H bonds within a given compound.

complex to extractant is proportional to extractant concen-

tration [15]. To simplify the description of the non-ideality

of organic phase, the following expression is adopted here3.5. Thermodynamic parameters

18,19

[ 1 The amounts of Cut— extracted by Aliquat 336 were also

Y(NRz),CuL « [NRaCT" (10) measured at other temperaturegy( 8). The following van't
Vh 4 Hoff relationships are used to evaluate the thermodynamic
4

parametera\G%, AH?, andAGP [23]

Under the conditions studied, the concentrations of Cl
and Cul?~ are low enough compared to extractant concen- AG° = —2.303RT log Kgx (14)
tration so their activity coefficients are assumed to be kept
constanf10,11]. Thus, the thermodynamic equilibrium con-

og k0 — [ AH N1 As° 15
stant can be expressed as follows by substituting(B#<10) 09 Kex = 2303R/) T + 2.303R (15)
into Eq.(7).

1 i 0)
log Kgx — log Kex+ log [NR4CI] (11) The change in free energ\G") is calculated to be 8.9

(without HCHO) and 7.6 kJ/mol (with 1vol.% HCHO) at
Fig. 7 shows the good linear plot of ld{.x versus 25°C from Eq.(14). On the other hand, a linear plot of
log[NR4CI] (correlation coefficientR? =0.994). The values  log K&, versus 1T yields AH? and AS® (Fig. 9), which are
of K3, at 25°C are obtained to be 3:310~? and 4.1x 1072 43.6kJ/mol and 45.8 J/(mol K) without HCHO as well as
for Cu(ll)- and Cu(l)-EDTA systems, respectively. Finally, 31.3kJ/mol and 79.6 J/(mol K) with 1vol.% HCHO, respec-
the extraction equilibrium relationships with and without tively, at 25°C. The endothermic nature of this process is
HCHO are given by consistent with comomon solid ion exchange processes, and
=061 . the magnitude ofAH" lies within the range of ion exchange
10g Kex = —1.48— log [NRCl] (without HCHO) mechanisn23]. Compared to the absence of HCHO, the
(12) smallerAHO value obtained with 1 vol.% HCHO reflects the
fact that trivalent anions Cit have stronger affinity than
log Kex = —1.39— log [m]me di\g{';)\lent anions Cuf~ toward the extractant. The positive
. AS’ indicates that not only the bonding between Cu—-EDTA
(without 1vol% HCHO) (13) complexed anions and Aliquat 336 (e.g., ED) but also the
It is noticed that all concentration units in Eq4$2) and release of water molecules surrounded the complexed anions

(13)are in mol/n?. The non-ideality of organic phase is likely ~ Play important roles during the present extraction processes.
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Fig. 8. Effect of equilibrium Aliquat 336 concentration on the distribution
ratio D at different temperatures ([Etjo =5 mol/m?, pHy =5).
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Fig. 9. Determination of thermodynamic parameters for the extraction of

copper with and without HCHO by Aliquat 336.

4. Conclusions

Solvent extraction of Cu(ll)-EDTA complexed anions
from the solutions with and without formaldehyde (HCHO)
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bly caused by the reduction of CéL to Cul3~ by HCHO.
The value ofD increased with increasing piland reached
a plateau at pk,> 4.5 for system with 1 vol.% HCHO.

Under the conditions tested, thaH® and AS val-
ues for the present extraction system without HCHO were
43.6 kd/mol and 45.8 J/(mol K), respectively, at’®5 They
became 31.3 kJ/mol and 79.6 J/(mol K), respectively, for the
system with 1 vol.% HCHO. The smallarH? obtained with
1vol.% HCHO reflected the fact that the Cu(l)-EDTA com-
plexed anions had higher affinity than the Cu(ll)-EDTA
complexed anions toward the extractant. The posifng?
deduced the crucible role of the de-attachment of water
molecules from the complexed anions in the extraction pro-
cess.
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