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a b s t r a c t

A novel nickel recovery method was designed using tetraoxalyl ethylenediamine melamine chelate resin
grafted-carbon fibers (MFT/CFs) from the spent electroless nickel plating baths. The process involved
inoculation of tetraoxalyl ethylenediamine melamine chelate resin at CFs, the adsorption and eletrodepo-
sition of Ni2+ at MFT/CFs. Ethylenediamine was covalently modified at CFs by constant potential, tetraox-
alyl ethylenediamine was grafted at the CFs by amidation reaction, then melamine, formaldehyde and
tetraoxalyl ethylenediamine could be polymerized at the CFs. The MFT/CFs showed an excellent uptake
effect for Ni2+ with a pseudo-second order model. The interaction mechanism between Ni2+ and active
sites has been interpreted as chelation. Nano-nickel coated-MFT/CFs materials could be obtained by elec-
trodeposition (Ni/MFT/CFs). The present materials were carefully examined by fourier transform infrared
spectroscopy, field emission scanning electron microscope, X-ray diffraction, X-ray photoelectron spec-
troscopy and electrochemistry techniques. The characterization results suggested the formation of Ni/
MFT/CFs with a good electrocatalysis for ethanol oxidation.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

Electroless nickel plating is an indispensable surface finishing
technology, widely used in electronic and automobile industries
[1,2]. A large amount of the spent electroless nickel plating baths
containing high concentrations of phosphite, hypophosphite, organ-
ic acids, especial nickel, is becoming a serious environmental prob-
lem. The recovery of nickel from the spent electroless nickel plating
ll rights reserved.
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baths has attracted much attention in terms of environmental pro-
tection and economic value. Up to now some treatment methods
have been reported for the nickel recovery. For example: alkaline
precipitation [3], ion exchange [4,5], solvent extraction [6,7], elec-
trodialysis [8], electrolytes [9–11] and activated carbon adsorption
[12]. Although these methods have obtained much useful effect,
there are some difficulties including heavy metal sludge, regenera-
tion chemicals as well as membrane fouling. On the basis of these
facts, it is significant to develop new effective nickel recycling tech-
nique to best use the spent electroless nickel plating baths.

Since carbon fibers (CFs) have outstanding mechanical proper-
ties, chemical stability, adsorption, conduction and surface area.
Nowadays it has been widely applied on mechanical and aviatic
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equipment [13], interesting studies for us lay in heavy metal
wastewater treatment, metal catalyst support and electrochemis-
try [14–17]. For examples: Chergui and coworker revealed that cy-
clam-functionalized polyglycidyl methacrylate could be grafted on
CFs by atom transfer radical polymerization using aryl diazonium
salt initiators. The resulting material showed an excellent uptake
towards Cu2+ [14]. Kara and Arai prepared nickel-coated CFs using
sodiumhypophosphite as reducing agent [15,16]. Xu reported that
CFs could be readily treated by electrochemical method [17].
Moreover, El-Ghaffar and co-works reported that tetraoxalyl ethy-
lenediamine modified melamine resin show good adsorption effect
to Cu2+ [18].

In this context, we aimed at designing novel chelate resin
grafted-CFs to directly prepare nano-nickel coated-CFs materials
using the spent electroless nickel plating baths.
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2. Experimental

2.1. Apparatus and chemicals

All electrochemical experiments were performed with a CHI
660 B electrochemical workstation (Chenhua, Shanghai, China). A
conventional three-electrode electrochemical system was used
for all electrochemical experiments, which consisted of a working
electrode (CFs), a twisted platinum wire counter electrode, a silver
wires or saturated calomel reference electrode (SCE). Field emis-
sion scanning electron microscope (FE-SEM) images were obtained
on a JSM-600 field emission scanning electron microanalyser (JEOL,
Japan). X-ray diffraction (XRD) data of the samples were collected
using a Rigaku D/MAX-rB diffractometer with Cu Ka radiation. XPS
spectra were recorded by using an ESCALABMK2 spectrometer (Vg
Corporation, UK) with Mg-Alpha X-ray radiation as the source for
excitation. Infrared spectra were measured at IR 200 (America,
Nicolet). The average pore sizes and the specific surface area of
MFT/CFs were measured using Nova 2200e Surface Area & Pore
Size Analyzer (Quantachrome Instrument, America). pH meter
model was measured at HI 255 (Shanghai Leici instruments).

Polyacrylonitrile-carbon fibers (CFs) were obtained from Dingf-
eng Carbon Fibers Fabrication Company of Yixing (China, Wuxi),
one truss CFs have about 3000 branches with a diameter of
7 ± 1 lm, it was been snipped at 10 mm long in following experi-
ments. Melamine, formaldehyde (37%), oxalic acid, xylene, ethy-
lenediamine and all other chemicals were Chemical Reagent
Company of Shanghai products (China, Shanghai). A stock solution
of 5 mM EDTA was prepared and standardized against a solution of
MgSO4�7H2O using Eriochrome Black-T (EBT) as an indicator. HNO3

and NaOH were used to change the acidity of the medium. The
composition of electroless nickel spent plating baths was shown
in Table 1, the content for Ni(II) is 0.107 M, and the pH is 4.8. S
930 chelating resin with iminodiacetic acid, which is bound in a
macroporous polystyrene matrix (Purolite International Co., LTD).

2.2. Graft of tetraoxalyl ethylenediamine modified melamine resin at
CFs

Tetraoxalyl ethylenediamine (TOED) was prepared according to
the previously reported method [19]. Oxalic acid and ethylenedia-
mine with molar ratio (4:1) were mixed in 250 mL round-bottom
flask filtrated with Dean & Stark apparatus. The mixture was
Table 1
Composition (M) and pH value of the model spent bath pH 4.8.

NiSO4 Na2SO4 NaH2PO2 NaH2PO2 Lactic acid H2SO4 Na2HPO3

0.107 0.35 0.24 0.24 0.30 0.20 0.70
heated under reflux with xylene until the theoretical amount of
water has been collected. The reaction mixture was then cooled
to room temperature, filtrated and dried at 50 �C under vacuum.
The solid collected was recrystallized from a suitable solvent.

200 trusses CFs immerged in 50 mL of mixed acid solution of ni-
tric acid and perchlorate acid (7:3). The mixed solution was ultra-
sonically agitated for 7 h to form carboxyl-carbon fibers [20]. The
CFs were washed with doubly distilled water to a neutral pH,
washed with acetone, and dried in air; then in 250 mL beaker, 20
trusses CFs were treated in a solution containing 1 mM ethylenedi-
amine/0.1 M lithium perchlorate/acetonitrile at a constant poten-
tial of 1.5 V in 1 h, which were reduced at �1.1 V in 0.1 M KCl/
enthanol/H2O (enthanol:H2O, v:v = 1:1) in 1 h to form ethylenedi-
amine modified CFs.

In 250 mL round flask, tetraoxalyl ethylenediamine was inocu-
lated at tetraoxalyl ethylenediamine modified CFs by amidation
reaction in 1 mM tetraoxalyl ethylenediamine at 75 �C for 2 h; after
that, melamine was added to the flask, it was heated in water bath
with stirring at 75 �C for 2 h; then formaldehyde and sodium dode-
cylsulfate were added to the flask, tetraoxalyl ethylenediamine,
melamine and formaldehyde at molar ratio of 1:1:1.5, and sodium
dodecylsulfate at mass ratio of 0.5%; there after the temperature
was raised to 90 �C for 2 h with continuous stirring. The tetraoxalyl
ethylenediamine modified melamine resin coated-carbon fibers
were collected, washed thoroughly with hot water, cold water, eth-
anol and acetone, and dried in air (labeled MFT/CFs).

2.3. Preparation of Ni/MFT/CFs from the spent electroless nickel plating
baths

In 250 mL beaker 100 mL spent electroless nickel plating baths
was adjusted by 0.1 M NaOH at pH 5.2, 1 mL 1 mM PdCl2 was
added to the beaker to form dissociative Ni2+ with stirring at
40 �C for 1 h; after that, 20 trusses MFT/CFs were immerged in
the beaker to adsorb Ni2+ with stirring at 55 �C for 30 min; Ni2+-
MFT/CFs was used as working electrode at a potential of �0.7 V
for 30 s in 0.1 M KCl to obtain nano-nickel coated-carbon fibers (la-
beled as Ni/MFT/CFs).

3. Result and discussion

3.1. Characterization of MFT/CFs

FT-IR spectra. IR spectra of relative materials including acid
treated CFs (a), melamine (b), TOED (c) and MFT/CFs (d) were
investigated in Fig. 1. The carbonyl (C@O) stretch at 1630 cm�1
3.2 2.4 1.6 0.8
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Fig. 1. IR spectra of relative materials including acid treated CFs (a), melamine (b),
TOED (c) and MFT/CFs (d).
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could be seen at acid treated CFs (a). For melamine (b), the double
peaks at 3468 and 3418 cm�1 can be assigned to the symmetrical
and asymmetrical stretching vibrations of NH2 group. The peaks
at 1650–1437 cm�1 are caused by framework vibration in the mol-
ecules. The peak at 810 cm�1 is attributed to the out-of-plane ring
deformation [21]. For TOED (c), the peak at 3317 cm�1 and
1553 cm�1 are due to the NAH stretch attached to themethylene
bridge and NAH bend bridging in the secondary amine [18]. It
could be readily seen that the spectra of MFT/CFs (d) show com-
mon peaks due to the existence of similar groups. For example,
the peak at 1650 cm�1 matches to carbonyl (C@O) stretch; 1630–
1437 cm�1 and 810 cm�1 relate to melmine; 3317 cm�1,
1553 cm�1, 1339 cm�1 and 717 cm�1 can be traced back to TOED.
The structure of MFT/CFs could be suggested in Fig. 2 (1). Ethylene-
diamine was covalently modified at CFs firstly. Tetraoxalyl ethy-
lenediamine was inoculated at the CFs secondly. Then tetraoxalyl
ethylenediamine melamine chelate resins could be polymerized
at the CFs (MFT/CFs).

The physical and textural properties of MFT/CFs were further
investigated, and the results were summarized in Table 2. The sur-
face area of MFT/CFs (1167 m2 g�1) is larger than that of CFs. More-
over, water regain factor was investigated; W% represents the
percentage of water held intrinsically by MFT/CFs. For water regain
determination, MFT/CFs samples were dried at 50–60 �C until com-
plete dryness then weighed again. To calculate this factor, the fol-
lowing equation was applied in Eq. (1). Where Ww and Wd are
weights (g) of the wet and dried resin respectively. Water regain val-
ues are about 0% for CFs, (1.1 ± 0.1)% for acid treated CFs, (3.7 ± 0.5) %
for MFT/CFs, suggesting an improved hydrophilic character.

W% ¼ 100ðWw �WdÞ=Ww ð1Þ
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Fig. 2. Proposed scheme of tetraoxalyl ethylenediamine melamine chelating
3.2. Preparation of Ni/MFT/CFs

3.2.1. Optimum preparation conditions
Optimum preparation conditions for Ni/MFT/CFs including pH,

temperature and adsorption time were investigated using cyclic
voltammetry (CV), respectively. On the different conditions, one
truss MFT/CFs immerged in 10 mL the spent electroless nickel plat-
ing baths to adsorb Ni2+, after cleaning by ethanol and water, nano-
nickel was electrodeposited at MFT/CFs in 0.1 M KCl (Ni/MFT/CFs).
The Ni/MFT/CFs shows a pair of redox peaks marching to NiO-
OH M Ni(OH)2 (0.75/0.21 V) in 0.1 M NaOH in Fig. 3B. Since the
current response balance needs about continuous 50 cycles, the
optimum conditions could be obtained by the oxidation peak cur-
rents at the 50th cycle.

The initial 4.8 pH value of the spent electroless nickel plating
baths were adjusted from 2 to 6 by addition of HNO3 and NaOH.
At 300 rpm and 25 ± 1 �C for 1 h, Fig. 3A shows that the oxidation
peak response at 0.75 V is very small at pH < 2.5, it is obviously in-
creased with a increasing pH until reaching a maximum value at
pH 5.2 (1.48 mA), thus pH 5.2 is optimum. These phenomena could
be proved in following experiment.

The uptake of Ni2+ at different temperature (T) was done from
25 �C to 75 �C at 300 rpm pH 5.2 for 1 h. As shown in Fig. 3A, inset
a, there is not any response at T < 30 �C the oxidation peak current
at 0.75 V is gradually increased with a increasing temperature until
reaching a maximum value at 55 �C (1.43 mA), then it displays a flat
up to 65 �C, and an obvious decrease after T > 65 �C (0.92 mA). Thus
the optimum temperature is 55 �C.

The uptake of Ni2+ at different adsorption time intervals was
done at pH 5.2, 300 rpm and at 55 �C. The inset b in Fig. 3A shows
that the oxidation peak currents are increased with the delay of
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Table 2
Physical and textural properties of MFT/CFs.

Sample Surface area (m2 g�1) Pore volume (cm3 g�1) Pore diameter (nm) Water content (%)

MFT/CFs 1167 0.37 50 ± 20 3.7 ± 0.5
CFs 1020 0.29 3 ± 1 1.1 ± 0.1
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Fig. 3a. Oxidation peak currents of Ni adsorbed at MFT/CFs depend on pH,
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adsorption time from 10 to 30 min; it keeps a slow increase after
30 min (1.52 mA). Thus the optimum adsorption time is 30 min.
It is noticeable that the optimum adsorption time could be pro-
longed with the decrease of the concentration of Ni2+ in the spent
baths, when the concentration was 0.02 M and 0.002 M, the time
would be delayed to 45 min and 120 min.

3.2.2. Removal of Ni2+ in spent electroless nickel plating baths
The amount of Ni2+ adsorbed per unit mass of the adsorbent

was evaluated using the mass balance Eq. (2): where qt (mg g�1)
is the amount adsorbed per gram of adsorbent per gram at time t
(min), C0 is the initial concentration of Ni2+ in the spent electroless
nickel plating baths, Ct is the concentration of Ni2+ at time t of
adsorption (mg L�1), W is the mass of the adsorbent used (g), and
V (L) is the initial volume of the spent electroless nickel plating
baths. On the optimum conditions (55 �C, 30 min, pH 5.2), the
adsorption content was estimated by balance (n = 5). An average
quality was at a range of 45 ± 2 mg Ni/1 g MFT/CFs.

qt ¼ ðC0 � CtÞV=W ð2Þ

Moreover, the adsorption content of Ni2+ at acid treated CFs and
commercial S930 chelating resin were investigated to compare up-
take effect in the spent electroless nickel plating baths, the values
were 16 ± 2 and 27 ± 2 mg Ni/1 g in same conditions, respectively.
It illustrated that present MFT/CFs was better for the Ni recovery.
Actually, the uptake value at S930 was lager than that in literature
(about 12 mg Ni/1 g) [22], the reason was probably relative to the
part deposition of Ni2+ at the surface of chelating resin in the spent
electroless nickel plating baths.
3.2.3. Characterization of Ni/MFT/CFs
As shown in Fig. 3B, there are not any peaks at bare MFT/CFs (a)

in 0.1 M NaOH. However, a pair of redox peaks (b, 0.72/0.21 V)
could be seen at Ni/MFT/CFs matching to the transformation of
Ni to NiOOH and Ni(OH)2 [20]. The redox peaks currents are grad-
ually increasing in continuous scan in continuous cycle, and reach
balance at about 50 cycles, suggesting transformation finish. The
electrocatalysis of Ni/MFT/CFs towarads redox of ethanol was
investigated in inset. In comparison with that of CFs (a) and
MFT/CFs (b), the Ni/MFT/CFs (c) shows much better electrocataly-
sis with an obvious increased current response.

After MFT/CFs immerged in the spent electroless nickel plating
baths to adsorb Ni2+, nano-nickel was electrodeposited at MFT/CFs
in situ. XRD spectra of Ni/MFT/CFs confirm the presence of nickel
nanoparticles in Fig. 4. The peak at 44.4� could be assigned to
Ni2+, and the most common nanoparticles on the CFs are face-
centered cubic (FCC). The average crystallite size is 3.98 nm using
Scherrer’s equation from the width at half peak maximum. It is
noticed that the peak is wider, it probably contributes to the
formation of NiP nanoparticles and in line with the literature [15].

FE-SEM was utilized to investigate the surface morphology of
Ni/MFT/CFs in Fig. 5. As shown in Fig. 5A (MFT/CFs) and inset
(CFs), the surface of MFT/CFs is rough compared with that of origi-
nal CFs with a diameter of 7 ± 1 lm. However, plentiful nano-
islands could been readily seen at Ni/MFT/CFs with a size of
80 ± 60 nm in Fig. 5B and inset, signifying the formation of nano-
nickel at MFT/CFs.

Fig. 6 shows the XPS spectra of acid treated CFs (a), MFT/CFs (b),
Ni/MFT/CFs (c). There are two peaks for C1s (285.8 eV) and O1s

(531.7 eV) in curve a. A topical N1s peak appears at 399.3 eV in
curve b, suggesting the existence of nitrogen function at MFT/
CFs. As shown in curve c, A topical Ni2p peak could be seen at
884 eV compared with that in curve a and b, implying the deposi-
tion of nickel on MFT/CFs. Meanwhile, P2p peak at 133.1 eV can also
be observed, which probably come from the spend electrolesss



Fig. 5. FE-SEM of MFT/CFs (A), CFs (A, inset) and Ni/MFT/CFs (B).
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nickel plating bath, and suggesting the existence of NiP in Ni/MFT/
CFs.
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Fig. 7. The uptake of Ni2+ depend on pH at MFT/CFs at 55 �C and 30 min. Initial
[Ni2+] = 0.107 M in the spent electroless plating bath.
3.3. Uptake studies for equilibrium pH, kinetic studies, adsorption
isotherms, selectivity and regeneration

The uptake studies of MFT/CFs towards Ni2+ such as equilibrium
pH, kinetic studies, adsorption isotherms, selectivity and regenera-
tion were investigated in the spent electroless plnting baths,
respectively, where the residual concentration of Ni2+ was deter-
mined by the titration against 5 mM EDTA using EBT as an indica-
tor [18].

Metal ions adsorption from aqueous solution into a resin is a pH
dependent process due to pH influence on both the chemistry of
metal ions and resin functional groups. Since TOED molecule in
the MFT resins has EDTA-like (Ethylenediaminetetra-actic acid)
structure, it was expected that TOED moiety could form stable
complexes with Ni2+ [23]. This behavior is clear in Fig. 7. The
adsorption of Ni2+ was increased dramatically with increasing pH
until reaching a maximum value (0.77 mM/g) at equilibrium pH
5.2. It is notable that the pH decreased to 5.0 after 40 min. This
may be attributed to two points; on the one hand, the chelation
of Ni2+ by the TOED group immobilized on the CFs results in the re-
lease of two hydrogen ions for each Ni2+ ion in addition to water of
hydration, on the other hand, it is the partial deprotonation of
coordinating groups (carboxylate and amine). In neutral or slightly
acidic media, the uptake probably attributes to the formation of re-
sin-metal ion complex, which causes increase of the acidity of the
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medium due to release of H+ from coordinating carboxylate groups
[18]. The scheme could be suggested in Fig. 2 (2).

The kinetics of Ni2+ removal on 10 trusses MFT/CFs was investi-
gated at initial concentrations of [Ni2+] = 0.107 M at pH 5.2 and
55 �C. The adsorption-time data were treated according to pseu-
do-second-order [24] and intraparticle diffusion [25]. The pseudo-
second-order rate constants (k2) and the amount of Ni2+ adsorbed
at equilibrium (qe) were calculated from the slope and intercept
of the plots of t/qt versus t according to Eq. (3) [24]. Where k2

(g mM min�1) is the pseudo-second-order rate constant, qe is the
amount of Ni2+ adsorbed (mM g�1) at equilibrium, and qt is the
amount of the adsorption (mM g�1) at anytime t. The kinetics of
the removal process could be seen in Fig. 8 and inset (a). The dates
were summarized in Table 3. The theoretical qe values are the equi-
librium concentrations of Ni2+ in the adsorbed MFT/CFs, assuming
100% of Ni2+ was removed. The calculated qe values are close to
the theoretical ones, showing quite good linearity with R2 above
0.997. For comparison, the adsorption-time data in Table 3 were
treated according to pseudo-first order too [26]. The calculated qe

and R2 values were 0.591 and 0.949. Therefore, the adsorption
kinetics follows the pseudo-second-order model [24], suggesting
a chemisorption process [27].

t=qt ¼ 1=k2q2
e þ ð1=qeÞt ð3Þ

Due to the porous nature of the present MFT/CFs, pore diffusion
(intraparticle diffusion) in addition to surface diffusion (film diffu-
sion) may contribute to the overall adsorption, they are slower,
would be the rate-determining step. The kinetic behavior of MFT/
CFs on the rate of sorption reaction was confirmed from the plot
between the quantity of metal ion adsorbed at different time
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intervals (qt) and square root of time (t0.5) in Eq. (4), which origi-
nated from Fick’s second law [18]: where X represents the bound-
ary layer diffusion effects (external film resistance); Kdif is the
intraparticle diffusion rate constant (mM g�1 min�1), which is usu-
ally used to compare mass transfer rates. As shown in Fig. 8, inset
(b), the straight line indicates that the rate of adsorption is con-
trolled by intraparticle diffusion process [25]. As the value of X de-
creases the effect of external diffusion on the reaction rate
decreases. The calculated (X) is a positive value, this value for (X)
in the 2nd case indicates the dependence of the reaction rate to a
small extent on external film diffusion. This may be attributed to
the lower hydrophilicity of MFT/CFs. This external film diffusion
in 2nd case shifts the reaction rate of the adsorption of Ni2+ on
MFT/CFs towards pseudo-second order one.

qt ¼ X þ Kdif t0:5 ð4Þ

Adsorption isotherms of Ni2+ removal on 10 trusses MFT/CFs
were investigated at 35, 45 and 55 �C in Fig. 9. The adsorption
curves show maximum uptake values for Ni2+ at 0.53, 0.64 and
0.73 mM/g, respectively. The adsorption data were plotted accord-
ing to Langmuir Eq. (5) [18]. Where Ce is the concentration of metal
ions in solution (mM), qe is the metal ions concentration in the re-
sin phase at MFT/CFs (mM/g), Qmax the maximum adsorption
capacity (mM/g) and KL is the Langmuir binding constant which
is related to the energy of adsorption (L/mM). All concentrations
refer to equilibrium conditions. Plotting Ce/qe against Ce gives a
straight line with a slope and an intercept equals 1/Qmax and 1/KL

Qmax, respectively. The values of KL and Qmax at different tempera-
tures are summarized in Table 4. The value of Qmax (obtained from
Langmuir plots) at 55 �C is mainly consistent with that experimen-
tally obtained, indicating that the adsorption process is mainly
monolayer.

Ce=qe ¼ Ce=Q max þ 1=KLQ max ð5Þ

The degree of suitability of MFT/CFs towards Ni2+ was estimated
from the values of separation factor constant (RL), which gives indi-
cation for the possibility of the adsorption process to proceed.
Table 3
Parameters of the pseudo-first order and pseudo-second order for the adsorption of Ni2+ o

Metal ion Qe,exp (mM/g) The pseudo-first order

k1 (min�1) qe (mM/g)

Ni2+ 0.81 0.0806 0.714
RL > 1.0 unsuitable; RL = 1 linear; 0 < RL < 1 suitable; RL = 0 irrevers-
ible [28]. The value of RL can be calculated from the relation (6).
Where KL (L/mmol) is the Langmuir equilibrium constant and C0

(mM) is the initial concentration of metal ion. The values of RL lies
between 0.045 and 0.40 indicating the suitability of the studied res-
ins as adsorbents for Ni2+ from the spent electroless nickel plating
bath.

RL ¼ 1=1þ KLC0 ð6Þ

The observed increase in both values of Qmax and KL at elevated
temperature indicates the endothermic nature of the adsorption
process. The values of KL at different temperatures were treated
according to van’t Hoff Eq. (7) [29]. Where DH� (J/mol) and DS�
(J/mol K) are enthalpy and entropy changes, respectively, R is the
universal gas constant (8.314 J/mol K) and T is the absolute tem-
perature (in Kelvin). Plotting ln KL against 1/T gives a straight line
with slope and intercept equal to �DH�/R and DS�/R, respectively.
Here the values of DH� and DS� were 12.09 kJ/mol and 100.15 J/
mol K. The positive value of DH� confirm the endothermic nature
of adsorption process, whereas the positive value of DS� suggests
the high degree of freedom of adsorption system at equilibrium
due to the interaction between active sites and metal ion.

ln KL ¼ �DH�=RT þ DS�=R ð7Þ

Gibbs free energy of adsorption (DG�) was calculated from the
following Eq. (8). The present values of DG� at 35, 45 and 55 �C
were �18.76, �19.75 and �20.76 kJ/mol. The negative value of
DG� indicates that the adsorption reaction is spontaneous. The ob-
served increase in negative values of DG� with increasing temper-
ature implies that the adsorption becomes more favorable at
higher temperature. Actually, the values of TDS� is increasing with
increasing temperature and |DH�| < |TDS�|. This indicates that the
adsorption process is dominated by entropic rather than enthalpic
changes [30].

DG� ¼ �DH � TDS� ð8Þ

On the optimum conditions for the uptake of Ni2+, 10 trusses
MFT/CFs were introduced in a flask, containing 50 mL spent elec-
troless nickel plating bath with a binary mixture with 0. 1 M
Pd2+, Pb2+, Ca2+ due to probably coexisting in the spent electroless
n MFT/CFs.

Pseudo-second order

R2 k2 (g/mM min) qe (mM/g) R2

0.968 0.129 0.898 0.997



Table 4
Langmuir constants for adsorption of Ni2+on MFT/CFs.

T (�C) Qmax (mM/g) KL (L/mM) R2

35 �C 0.57 1.50 0.999
45 �C 0.69 1.76 0.999
55 �C 0.77 2.34 0.999
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nickel plating baths. 5 mL of the solution was taken then filtrated
off, where the residual concentration of Ni2+ was determined.
The separation factor could be obtained using Eq. (9) [24]. Where
CA1 (CB1) and CA2 (CB1) stand for the concentrations of A (B) before
and after adsorption, respectively, here Ni2+ over the Pd2+, Pb2+,
Ca2+ were to be 44.4, 2.3 and 120.6.

Separation factor ðSA=BÞ ¼ ðCA1 � CA2Þ � CB2=ðCB1 � CB2Þ � CA2 ð9Þ

Regeneration of MFT/CFS was investigated by repeated cycles of
adsorption/desorption of Ni2+ in 5 mM EDTA/1 M HNO3, during
24 h, under stirring, the desorption ratio was calculated from Eq.
(10). The amounts of Ni2+ adsorption and recovery percentage from
five consecutive adsorption/desorption cycles indicated desorption
efficiency as high as 96%, and the Ni2+-free MFT/CFs could be re-
used after neutralization. At the 5th cycle, the adsorption capacity
was found to be 39 ± 2 mg/g, which is 87% of that determined at
the 1st cycle (45 ± 2 mg/g).

Desorption ratio ¼ðamount of desorbed Ni2þ
=

amount of adsorbed Ni2þÞ � 100% ð10Þ
4. Conclusions

Tetraoxalyl ethylenediamine modified melamine resin grafted-
carbon fibers were obtained by compound electrochemical and
organic synthesis methods. Electrochemistry, kinetic and thermo-
dynamics studies illustrated that the functional CFs could selec-
tively separate Ni2+ form the spent electroless nickel plating baths
accompanying the formation of nano-nickel coated-carbon fibers
material. Thermodynamic data indicated that the adsorption
process is endothermic spontaneous reaction. Kinetic analysis
showed that the adsorption of Ni2+ on MFT/CFs is perfectly fit
pseudo-second order model. The interaction mechanism between
metal ion and active sites has been interpreted as chelation. This
work provided a very efficient and convenient approach for exploring
promising chelate resin coated-carbon fibers materials on nickel
recovery from the spent electroless nickel plating baths.
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