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ABSTRACT

It is difficult to remove Ni(Il) from NiEDTA wastewater by many conventional processes. A new method
for removing Ni(II) from NiEDTA wastewater by Fenton and Fenton-like reaction followed by hydroxide
precipitation presents an important breakthrough. This treatment process is referred to as Fenton/Fenton-
like reaction-hydroxide precipitation (FR-HP) process. This study investigated the use of FR-HP process
for the removal of Ni(Il) from NiEDTA complex wastewater. The removal efficiency of Ni(Il) by FR-HP
process was investigated and the kinetics of the two processes was studied. Results indicated that the
removal efficiency was strongly dependent on the initial concentration of Fe2* or Fe3* and H,0,, initial
and precipitation pH and temperature. Both FR-HP processes can effectively remove Ni(Il). At optimal
operation conditions, the removal efficiency of Ni(Il) were 92.8% and 94.7% for Fenton and Fenton-like sys-
tems after 60 min, respectively. FR-HP process seems to be an economically and environmentally friendly
process to remove the metal from metal-EDTA wastewater. Hopefully, FR-HP process will promote the
development of metal-EDTA treatment technology.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

With the rapid industrialization, the contamination of water
resources has been a worldwide environment problem. Nickel, cop-
per, cadmium, zinc, lead, mercury and chromium are often present
in industrial wastewaters, being discharged by metal plating, min-
ing activities, smelting, battery manufacture, tanneries, petroleum
refining, paint manufacture, etc. [1]. Many heavy metal laden
wastewaters contain organic complexing agents, which are widely
used in industrial applications for dissolving metals. Ethylenedi-
aminetetraacetate (EDTA) is a widely used complexing agent in
plating industry, metal finishing and chemical cleaning processes
[2]. EDTA can make it difficult to remove heavy metals in wastewa-
ters by many conventional precipitation processes mainly because
of the dramatic increase in the solubility of heavy metal ions.
Precipitation technologies for metal removal, such as hydroxide
and sulfide precipitation, are inhibited when the metals exist as
metal-EDTA complexes [3]. Specialized treatment processes can
be employed for metal-EDTA complexes. For example, CUEDTA
can be treated by dithiocarbamate-type precipitant [4,5], but in
treating electroplating wastewater containing NiEDTA, hydroxide,
sulfide and dithiocarbamate-type precipitants all did not work for
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it. Therefore, searching for a treatment technology which can treat
many common metal-EDTA complexes is of interest.

Over the past few decades, advanced oxidation processes (AOPs)
have received increasing attention for the effective destruction of
a wide range of recalcitrant organic pollutants [6]. Among AOPs,
oxidation using Fenton’s reagent is an attractive and effective tech-
nology for the degradation of a large number of hazardous and
organic pollutants because of the lack of toxicity of the reagents,
eventually leaving no residues and the simplicity of the technology
[7]. The degradation mechanism of organic pollutants by Fenton
reaction is shown below [8,9]:

Fe2t +H,0, — Fe3* +*OH + OH~ (1)
RH + *OH — R* + H,0 (2)
R* + Fe3* — Rt +Fe?t (3)
Fe?t +*OH — Fe3t + OH™ (4)

The produced hydroxyl radical is well known as a strong oxi-
dant and can oxidize many recalcitrant organic compounds rapidly.
Organic molecules are then degraded into carbon dioxide, inorganic
ions and water. Many investigations have been conducted into the
degradation of various organics using Fenton oxidation [10,11]. The
main drawback of this technique is represented by the cost of the
reactants, H,O, and Fe2*. For this reason, various methods have
been introduced to use the lower cost Fe3* because Fenton-like
oxidation is also effective. The reaction of hydrogen peroxide with
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Fe3* is referred to as a Fenton-like reaction, Egs. (5)-(8) [12].

Fe3* +H,0, < Fe...O0H2t + H* (5)
Fe..-OOH?t - HO,* + Fe?t (6)
H,0, + Fe?t — *OH + OH™ +Fe3* (7)
*OH + RH — R* + H,0 (8)

However, little work has been reported on the removal of heavy
metal ions in metal-EDTA complexes by Fenton and Fenton-like
reaction. For this purpose in this study, the potential of a new
method for removing heavy metals by Fenton or Fenton-like reac-
tion followed by hydroxide precipitation presents an important
breakthrough. This treatment process is referred to as Fenton or
Fenton-like reaction-hydroxide precipitation (FR-HP) process in
this paper. After metal-EDTA wastewater was treated by FR-HP
process, free heavy metal ions were released and precipitated by
hydroxide.

This study discusses the conditions for effective oxidation of
metal-EDTA complexes and the removal efficiencies of metal ions.
For the metal-EDTA complexes, NiEDTA was selected as a target
pollutant in consideration of the extensive environmental impact
of Ni(Il) and that many conventional technologies, such as hydrox-
ide, sulfide and dithiocarbamate-type precipitants can hardly work
for it. The removal efficiency of Ni(Il) by the two processes was
investigated and compared and the kinetics of the two reactions
was studied. The reaction parameters affecting the removal effi-
ciency of Ni(Il) such as initial concentration of Fe2*, Fe3*, H,0,,
initial and precipitation pH values and reaction temperature were
also investigated.

The objectives of the study were to: (1) investigate the effect
of initial parameters on the removal of Ni(Il) from NiEDTA by
Fe2*/H,0, (Fenton reaction) or Fe3*/H,0, (Fenton-like reaction);
(2) reveal the optimum conditions of removal Ni(Il) from NiEDTA
by FR-HP processes; (3) assess the practical potential for FR-HP
processes to perform the metal-EDTA wastewater.

2. Materials and methods
2.1. Materials

The following analytical-grade reagents: 30% hydrogen perox-
ide (H,0,) aqueous solution, NiSO4-6H,0, Na,EDTA, FeSO4-7H,0,
Fe,(S04)3, NaOH and H,SO4 were obtained from Tianjin Fuchen
Chemical Reagents Factory. The FeSO,4 solution was prepared daily.
Distilled water was used throughout the research. Initial Ni2* con-
centrations in NiEDTA solutions were 50.00 mg/l.

2.2. Analytical apparatus and methods

The UV-vis spectra of NiEDTA before and after FR-HP processes
were determined using a UV-PC 3101PC spectrophotometer (Shi-
maszu, Japan). The residual total Ni (Ni2* and NiEDTA) and total Fe
(Fe3* and Fe2*) concentrations were analyzed by WFX-210 atomic
absorption spectrophotometer (AAS). A PHS-25 pH meter was used
to determine pH values of solutions. The configuration of precipi-
tates was analyzed by a Nikon Eclipse E400 Microscope.

2.3. FR-HP processes

All experiments were carried out in 200 ml beakers. Firstly,
the beakers were charged with 100 ml NiEDTA solution contain-
ing moderate Ni2* concentration of 50.00 mg/1 at a temperature of
25-50°C. Then, 3.0M H,0, and 0.05M Fe2* or Fe3* were added
into the NiEDTA solution and mixing was continued for 60 min. For
most of the experiments, the initial pH was set at 3.0 by a calibrated

pH meter. For the experimental runs at different pH, the values
were adjusted using sulphuric acid or sodium hydroxide solutions.
After the reaction completed, the precipitation experiments were
conducted with Jar test method. The Fenton or Fenton-like treated
effluents were adjusted to alkaline pH values using 10% of NaOH
and were agitated at 80rpm for 15 min. Then the forming solid
precipitates were allowed to settle for 30 min. The effluents were
withdrawn and filtered through 0.45 wm Millipore filter. Then the
filtrate was analyzed for residual total nickel and total Fe concentra-
tions using AAS. The removal efficiency of Ni(II) by FR-HP processes
was calculated by the following relationship:

. . Cnio — Cni
Nickel removal efficiency (%) = M x 100 9)
Ni,0
where Cy; o and Cy; ¢ are the concentrations of total nickel at reac-
tion time O and t, respectively.

3. Results and discussion
3.1. EDTA oxidation

Several researchers studied EDTA oxidation and they proposed
that the initial oxidation step most likely occurs at the acetate group
[3,13]. Fig. 1 presents UV-vis spectral change of NiEDTA in water
before and after FR-HP processes. As can be observed, before FR-HP
processes, the absorption spectrum was characterized by maxi-
mum absorption peak at 208 nm, originating from carboxyl group
in NiEDTA. The complete disappearance of the band was due to
the fragmentation of EDTA by oxidation, elucidating Fenton and
Fenton-like processes were effective to degrade EDTA. In the next
experiments, we mainly investigate the total nickel removal.

3.2. Comparison of Fenton and Fenton-like processes

After the Fenton and Fenton-like treated effluents were adjusted
to alkaline pH, tan precipitates formed. Fig. 2 shows the pho-
tographs of precipitates with 400 x magnification. As shown in the
figure, there is nearly no difference of the two kinds of precipitates.
Ni2*, Fe2* and Fe?* ions are in existence in the Fenton and Fenton-
like treated effluents. Under OH~ conditions, the metal ions can
form hydroxide precipitate.

Fig. 3 shows a comparison of residual concentration of Ni(II)
with two FR-HP processes at 25°C. From the figure, the removal
efficiency of Ni(Il) increased fast at first 60 min, and then remained
almost unchanged after 60 min. So in the next experiments, reac-
tion time of 60 min was chosen. And it seems that both Fenton and
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Fig. 1. UV-vis spectral change of NiEDTA solution before and after FR-HP processes.



F. Fu et al. / Chemical Engineering Journal 155 (2009) 769-774 771

(B)

Fig. 2. Microscopic images of three precipitates with 400 x magnification: (A) Fen-
ton process; (B) Fenton-like process.
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Fig. 3. Comparison of Fenton and Fenton-like processes for the removal of
Ni(Il) from NiEDTA wastewater containing 50.00 mg/l Ni?*. Reaction conditions:
[Fe?*]o=1mM, [Fe3*]o=1mM, [H20,]o =141 mM, initial pH 3.0, last pH 11.0 and
T=25°C. The error bars in the figure indicate the standard deviations which were
calculated by replicate data.
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Fig. 4. Effect of initial Fe?* or Fe** concentration on the removal efficiency of nickel
in the treatment of NiEDTA wastewater containing 50.00 mg/l Ni2* by Fenton and
Fenton-like reactions. Reaction conditions: [H205]o = 141 mM, initial pH 3.0, last pH
11.0and T=25°C. The error bars in the figure indicate the standard deviations which
were calculated by replicate data.

Fenton-like processes exhibited similar Ni(Il) removal efficiency.
For example, at 20, 60 and 120 min, Ni(Il) removal efficiency was
48.4%, 92.8% and 94.2% for Fenton system, and 47.3%, 94.7% and
94.8% for Fenton-like system. However, statistical analysis of Ni(II)
removal efficiency at different time (except O min) by two FR-HP
processesin Fig. 3, there are 70% Ni(Il) removal efficiency by Fenton-
like higher than Fenton system. Therefore, we can conclude that
there exists higher Ni(Il) removal efficiency for Fenton-like sys-
tem than Fenton system. In other studies [7,12,14], the degradation
rate in Fenton reaction was much faster than that of the Fenton-
like reaction in the initial stages. These authors explained that *OH
has stronger oxidation capability than hydroperoxyl radical or the
immediate formation of hydroxyl radicals in the Fenton reagent. In
our experiments, Fenton-like process presented higher efficiency
than Fenton process which can be interpreted by the mechanism of
ligand exchange. The extent of exchange related to the metal-EDTA
stability constants is listed as follows [15]: Log(K)e(imy-epta =27.7,
LOg(K)Fe(II)-EDTA = 160, LOg(K)Ni(H)-EDTA =20.1. Ni2+ has an EDTA lOg
stability constant considerably less than Fe3* and is much more
strongly bound than FeZ*. Hence, EDTA ligand exchange reaction
takes place and frees partly Ni2* from NiEDTA complex. So in
Fenton-like system, NiEDTA can release Ni?* through two steps,
major oxidation by hydroxy radicals and minor ligand exchange of
NiEDTA/Fe3* as shown in following equations:

Ni(II)-EDTA + *OH — Ni?* +EDTAy prod (10)
Fe3* + Ni(I)-EDTA < Ni?* + Fe(Ill)-EDTA (11)

Therefore, Fenton-like reaction-hydroxide precipitation process
presented higher Ni(Il) removal efficiency than Fenton process.

3.3. Effect of Fe?* and Fe3* concentrations

In order to investigate the effect of Fe2* and Fe3* concentra-
tion on the Ni(II) removal efficiency, experiments were conducted
at different Fe ions concentrations with 141 mM H,0, solutions.
Fig. 4 shows the effect of Fe?* (Fe3*) concentration on nickel
removal by Fenton and Fenton-like processes. As can be seen, an
obvious increase of removal efficiency was observed by increas-
ing initial Fe?* or Fe3* concentration from 0 to 1.0mM. When
the FeZ* or Fe3* concentration was 1.0mM, the extent of nickel
removal was 92.8% and 94.7% for Fenton and Fenton-like sys-
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Fig. 5. Effect of initial H, O, concentration on the removal efficiency of nickel in the
treatment of NiEDTA wastewater containing 50.00 mg/I Ni2* by Fenton and Fenton-
like reactions. Reaction conditions: [Fe?*]p=1.0mM, [Fe3*]o=1.0mM, pH 3.0, last
pH 11.0 and T=25°C. The error bars in the figure indicate the standard deviations
which were calculated by replicate data.

tems after 60 min, respectively. However, further increasing Fe%*
or Fe3* concentration above 1mM did not bring about further
improvement in the nickel removal. Many studies reported in lit-
erature have revealed that the use of a much higher concentration
of Fe2* could lead to the selfscavenging of *OH radical by Fe2*
[16,17] and induce the decrease in degradation rate of pollutants:
*OH +Fe2* — Fe3* + OH~. Statistical analysis of the data in Fig. 4
also shows that there exists 83.3% Ni(Il) removal efficiency by
Fenton-like system higher than Fenton under different initial Fe
concentration.

3.4. Effect of H,0, concentration

The amount of H,0, is considered one of the most important
factors in Fenton and Fenton-like oxidation. The effect of H,0,
dose on the removal efficiency of Ni(Il) in FR-HP processes was
shown in Fig. 5. As can be seen, with no H,0,, the removal effi-
ciency of Ni(Il) was zero after 60 min in Fenton system, while the
removal efficiency of Ni(Il) was 12.5% in Fenton-like system. This
result can also confirm that there is a ligand exchange reaction
in the Fenton-like system. The figure also indicated that with the
increase of the amount of H,0,, the removal efficiency of Ni(Il)
increased for the two systems. The increase in the removal effi-
ciency is due to the increase in hydroxyl radical concentration
by addition of H,0,. When the H,0, concentration increased to
141 mM, 92.8% and 94.7% nickel removal could be achieved after
60 min in the Fenton and Fenton-like systems, respectively. Further
increase H,O, amount from 141 to 176 mM causes little increase
in Ni(Il) removal efficiency. It is important to mention that, the
Fenton and Fenton-like systems showed a high H,0, demand, as
previously reported by Sundstrom et al. [18] and Ghiselli et al.
[6]. De Laat and Gallard [19] have reported that when Cy, 0, /Cge2+
molar ratio is greater than 500, a detrimental effect might be
observed. And in this study, the lower ratios (<200) have been
employed and detrimental effect has not been observed. Fig. 5
also shows that there exists higher Ni(Il) removal efficiency for
Fenton-like system than Fenton system under different initial H, O,
concentration.

3.5. Effect of pH

Since the pH value is one of the most important control
variables in Fenton and Fenton-like processes, its effect on the
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Fig. 6. Effect of initial pH value (A) and precipitation pH value (B) on removal
efficiency of Ni(Il) in the treatment of NiEDTA wastewater containing 50.0 mg/l
Ni** by Fenton and Fenton-like reactions. Reaction conditions: [Fe?*]o=1.0mM,
[Fe3*]o=1.0mM, [H20,]o=141mM and T=25°C. Inset: pH-solubility equilibrium
diagram of Ni(OH),. The error bars in the figure indicate the standard deviations
which were calculated by replicate data.

Ni(II) removal was also investigated at different pH values.
From Fig. 6(A), it is evident that when the initial pH increases
from 2 to 3, the removal efficiency quickly increases, decreas-
ing when the pH is raised from 3 to 5. The results from this
experiment are in agreement with those studies reported by
the researchers [8,11,20], who found that acidic pH levels near
3 are usually optimum for Fenton and Fenton-like oxidation.
Therefore, for all further experiments a pH of 3.0 was cho-
sen.

The lower efficiency below pH 3.0 in Fenton system is due to the
formation of [Fe(I1)(H,0)g]%* complex, which reacts more slowly
with H,0, than Fe(II)(OH)(H,0)5]*, and therefore produces fewer
*OH [21]. While in Fenton-like system, at a low pH, the reaction of
Fe3* with H,O0, is inhibited [22], and *OH could be consumed by
the scavenging effects of H* which will limit the degradation rate
[23]. And the Ni(II) removal efficiency clearly declined at pH >3,
probably because of the decrease in free iron species in the solution.
Actually, at higher pH values iron ion precipitates, therefore the
concentration of dissolved Fe2* or Fe3* is decreasing [24]. Also, if
the pH is too high, the iron precipitates as Fe(OH); and H,0, is
decomposed the to oxygen, which reduces its concentration in the
solution [25,26].

After NiEDTA wastewater was treated by Fenton or Fenton-like
reaction, the solution was adjusted to alkaline pH values to pre-
cipitate Ni(Il) and Fe ions. As seen in Fig. 6(B), with pH values
increasing from 8.0 to 11.0, the Ni(II) removal efficiency increased
from 64.1% to 92.8% for Fenton and from 67.7% to 94.8% for Fenton-
like system because Ni(Il) formed Ni(OH), precipitate at higher
pH values. When pH increased further, the removal efficiency
remained almost unchanged. So in our experiments the adjusted
pH 11.0 after Fenton or Fenton-like systems was chosen. And the
pH-solubility equilibrium diagram of Ni(OH), has also been given
in Fig. 6B (inset). From the inset, we can see that the removal
efficiency of Ni(ll) is higher in OH~ than FR-HP systems when
pH>9.0. This is happens because that Ni2* can compete with
Fe2*|Fe3* for OH~ to form hydroxide precipitates in FR-HP systems,
while in pure OH- condition, only Ni2* reacts with OH~ to form
Ni(OH)j,.
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Fig. 7. Effect of temperature on the removal efficiency of nickel ion in the treatment
of NiEDTA wastewater containing 50.00 mg/l Ni2* by Fenton and Fenton-like. Reac-
tion conditions: [H20,]o = 141 mM, [Fe?*]o = 1.0 mM, [Fe**]o = 1.0 mM and initial pH
3.0 and precipitation pH 11.0. The error bars in the figure indicate the standard
deviations which were calculated by replicate data.

3.6. Effect of temperature

Temperature is one of the important factors influencing oxida-
tion reaction. In order to study the effect of reaction temperature
on the FR-HP process, a series of experiments were conducted at
25, 40 and 50°C and the results are shown in Fig. 7. The results
show clearly that the Ni(Il) removal efficiency increases with the
increasing temperature. As increasing the temperature from 25 to
50°C, the Ni(II) removal efficiency increased from 72.1% to 97.2% for
Fenton and from 74.3% to 96.7% for Fenton-like system at 30 min.
This is because that the reaction of Fenton and Fenton-like could
be accelerated by increasing temperature. A higher temperature
increased the reaction between hydrogen peroxide and Fe3*[FeZ*,
and improved the generation rate of *OH radical [27] and hence
enhanced the removal of Ni(II).

Moreover, it can be seen that at 40 and 50 °C, the Ni(II) removal
efficiency increased very fast at first 20 min and the increase is only
marginal on increasing the temperature further. The Ni(II) removal
efficiency is quite similar at 40 and 50 °C after 20 min of reaction,
with values around 98%.

3.7. Residual Fe concentration

In our research, 1 mM, i.e. 56 mg/l Fe ions was added into the
solution, which is well above the European Union directives that
allow only 2 mg/l of Fe ions in treated water to be dumped directly
into the environment [28]. Therefore, the residual total Fe concen-
trations were also determined by AAS after FR-HP process. Results
indicated that the residual total Fe concentrations were all below
the detection limit 0.03 mg/1 of total Fe by AAS. Therefore, the solu-
tion can be directly discharged in the environment after FR-HP
process.

4. Conclusions

FR-HP processes can effectively remove Ni(Il) from NiEDTA
wastewater. The Fenton-like process presenting higher Ni(Il)
removal efficiency than Fenton process can be attributed to
the mechanism of ligand exchange. For the two systems, Ni(Il)
removal depends on initial concentrations of Fe ions, H,O, and
initial and precipitation pH value. At optimal operation condi-
tions ([Hp0,]o =141 mM, [Fe?*]o=1.0 mM, [Fe3*]o = 1.0 mM, initial

pH 3.0 and precipitation pH 11.0), the removal efficiency of Ni(Il)
were above 92% for the two systems. And temperature has influence
on overall nickel removal in the range of 25-50°C.
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