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Abstract 
The aim of this study was to reduce the highly toxic hexavalent chromium Cr(VI) into less toxic 
chromium Cr(III) species by using nickel nanoparticles (Ni NPs) as catalysts in order to provide 
safety to the aqueous environment. In the first phase Ni NPs were synthesized in ethylene glycol 
and capped with l-cysteine by a modified microwave irradiation method using NaOH as the 
accelerator. The formed Ni NPs were characterized by various techniques such as UV-Visible 
spectroscopy, Fourier Transform Infra-red (FTIR) spectroscopy and Scanning Electron 
Microscopy (SEM). In the second phase the formed Ni NPs were immobilized on glass surfaces 
and employed as catalyst for the reduction of Cr(VI) ions. According to observations, 99% 
reduction of Cr(VI) ions was achieved in the presence of 0.5 mg of Ni NPs catalyst in just five 
minutes as compared to nickel powder that showed only 16% reduction in 15 minutes. The study 
has a great impact on the aqueous pollution control of Cr(VI) especially caused by the discharge of  
waste water from several industries utilizing Cr(VI) containing salt as one of the essential 
gradients. 
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Introduction 
 
The release of heavy metals into aquatic 
environment has continuously been increasing by 
disposal of industrial sludge/effluents. This 
practice donates major hazards to the environment 
and ultimately endangers human health due to their 
accumulation in food chain, water channels and 
persistence in nature [1]. Among several heavy 
metals chromium is known as one of the very toxic 
constituents of the water systems. This enters into 
water bodies via several industries like textile, 
leather tanning, steel production, electroplating, 
anodizing of aluminum, water cooling, wood 
preservation and chromate preparation [2]. The 
chromium is mainly found in two typical oxidative 
states, hexavalent Cr(VI) and trivalent Cr(III). 

These oxidation states have tremendous contrast in 
their transport characteristics and toxicity 
properties. Hexvalent chromium is extremely toxic 
with more water solubility and improved mobility, 
while trivalent chromium is less toxic due its lesser 
solubility and poor mobility in water systems [3-4]. 
Concerning the solution pH values, Cr(VI) may 
exist in many forms like chromate (CrO4

2-), 
dichromate (Cr2O7

2-) and hydrochromate (HCrO4
-), 

while Cr(III) contains hydrated trivalent forms like 
Cr(H2O)6

3+ and chromium hydroxide complexes, 
Cr(OH)2(H2O)4

+ or Cr(OH)(H2O)5
2+. Several 

reports suggest the lesser adsorption efficiency     
of Cr(VI) onto the negatively charged soil   
particles is due to its strong electro active   
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repulsive force. Therefore, it can freely enter and 
move in water systems [4-5]. Conversely       
Cr(III) species hold positive electric charges      
and thus can easily be deposited on negatively 
charged soil particles [5-6].  
 

A number of decontamination methods for 
remediation of heavy metal ions and other toxic 
substances from industrial effluents have been 
proposed such as electro-coagulation, electro-
wining, electro-dialysis, ion exchange, 
precipitation and reverse osmosis [6]. However, 
these remediation approaches have potential 
disadvantages namely high energy or reagent 
requirements, incomplete removal of pollutants 
and generation of other waste products and toxic 
sludge. Together with these removal 
methodologies are usually too expensive if 
contaminants are in a very low concentration range 
10-100 mg/L. On the other hand, inexpensive, 
rapid and simple treatment procedures are required 
and preferred for removal or remediation of 
contaminated waters [7]. Many workers have 
explained the toxicity of Cr(VI) to be mainly due 
to formation of transitional Cr oxidation states    
like Cr(V), Cr(IV) and finally Cr(III) [7-8]. 
Although no toxic effects have been reported       
for in vivo studies of Cr(III), it can react with   
DNA and protein molecules on entering into the 
cell and make stable bonds because of its brutal 
reactivity with oxygen, nitrogen and sulfur on a 
few binding sites [8]. Additionally Cr(III) is very 
inactive and therefore it is taken as a dietary 
supplement in the form of Cr picolinate that has 
been observed to possess no adverse effects at the 
suggested intake level. However, reports also show 
that higher intakes of Cr(III) than the 
recommended levels lead to adverse effects, 
though  Cr(III) alone cannot be solely blamed for 
reported toxicities, because many other moieties 
could add undesirable effects.  Numerous works 
have been published that demonstrate beneficial 
consequences of Cr(III) species during 
supplementation in individuals by means of 
impaired glucose tolerance [8]. Henceforth, major 
scientific consensus is that Cr(VI) is considerably 
more toxic than Cr(III). It is also argued that         
if all ingested Cr(VI) could convert to Cr(III) 
inside the stomach, then it should be concluded 
that humans may tolerate intensive levels of   
Cr(VI) exposure. Moreover, standards for drinking 

water concentration of Cr(VI) are set as 50-100 
µg/L by the World Health Organization and   
almost every other state agency like, the US 
Environmental Protection Agency [9]. Studies 
show that 50-100 µg/L Cr(VI) is not a small 
concentration and equates to nearly 1-2 µM of 
Cr(VI) availability into water systems [8].  

 
The photo-catalytic reduction of pollutants 

mainly occurs due to the excitation of valence band 
electrons to the conduction band that is initiated 
through light absorption. In result, region of 
excited electrons and holes are generated which are 
responsible for oxidation and reduction process. 
[10-12]. Many studies have been devoted to 
explain the use of excited holes to oxidize 
pollutants in the presence of SO4

2-/TiO2 catalysts, 
where excited electrons have been utilized in 
photo-reduction reactions [13]. In addition, it is 
still unclear whether the efficiency of photo-
catalysis is influenced by structural properties of 
the catalysts [14]. Nanocomposite materials have 
been given tremendous scientific importance 
because they hold high potential for catalytic 
applications. A large volume of nanoscale 
composite is formed of small grain sizes.   
Therefore a significant fraction of nanocomposite 
material contains interface/grain boundaries          
at the atomic level [15]. Nanoscale nickel    
particles have found applications in many        
fields like mechanics, electronics, sensors and 
catalysis. Similarly, it has also been observed that 
exposed surface area contributes a key role in 
catalysis and therefore nanosized materials are 
used for this purpose. Here we address the use of 
Ni NPs formed by an improved microwave 
assisted digestion method using l-cysteine as a 
capping material and their use as highly efficient 
catalyst for reduction of Cr(VI) in aqueous 
medium. 
 
Materials and Methods 
Chemicals and reagents 
 

L-cysteine (C3H7NO2S), nickel chloride 
(NiCl2.6H2O), sodium carbonate (Na2CO3),  
sodium hydroxide (NaOH), ethanol (C2H5OH), 
ethyleneglycol (CH2OHCH2OH) were all   
obtained from Fluka Chemicals. All the    
chemicals were analytical grade and used as 
received. 
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Washing of glassware and preparation of stock 
solutions 
 

All glassware was cleaned with detergent 
containing water followed by washing several 
times with tap water and finally rinsed with 
deionized water. All the glassware was then dried 
in an oven at 100 ºC and used for solution 
preparation. Stock solutions of cysteine (0.01 M) 
and NiCl2.6H2O (0.01 M) were prepared in 
ethylene glycol while the sodium carbonate (0.1 
M), sodium hydroxide (0.1 M) and HCl (0.1 M) 
were prepared in deionized water by using their 
desired quantities in different volumes.  
 
Synthesis of cysteine-capped Ni NPs  
 

In a typical experiment, synthesis of nickel 
nanoparticles was carried out by mixing 1 ml 
nickel chloride with 0.6 ml l-cysteine followed by 
adding 0.3 ml sodium carbonate and 0.1 ml sodium 
hydroxide. The mixture was diluted with ethylene 
glycol to make a total volume of 6.0 ml. It was 
then poured into a conical flask of 25 ml capacity 
and exposed to microwave irradiation (Glanz, 
900W) for 60 s (six periods of 10 s each); during 
this time the light green solution turned to black. 
The as obtained black colloidal dispersion of 
microwave irradiated Ni NPs sample was put into 
an ice water bath to promptly cool down the 
products to room temperature in order to avoid the 
aggregation of NPs and UV-Visible spectra were 
recorded. A similar procedure was followed for 
sample preparation throughout the optimization 
and application studies. Further, the 
characterization studies were carried out using 
various techniques as discussed in the results and 
discussion section.  
 
Procedure for catalytic test 
 

In a typical experiment, 0.4 ml of 100 
µg/ml Cr(VI) solution was put into a quartz cell 
and diluted to 4.0 ml by adding 3.6 ml of deionized 
water for recording the UV-Visible spectra. This 
solution was prepared to check the absorption 
profile of Cr(VI) species in the aqueous medium 
which showed a prominent absorption peak at 352 
nm for Cr(VI) ions. Simillarly, a 4.0 ml solution 
was prepared by taking 10 µg/ml Cr(VI) ions and 
0.1 M NaBH4. Another experiment was carried out 
using similar concentrations of the reactants in the 

presence of 0.5 mg of bulk nickel powder (raney 
nickel) as catalyst. Finally, we carried out the 
experiment for catalytic reduction of Cr(VI) by 
adding 0.5 mg of nanosized nickel particles (as 
catalysts deposited on pieces of glass cover slip) 
that resulted in 99% reduction in a very short time 
(5 minutes). The glass cover slips were weighed 
before and after loading the catalysts already 
prepared in colloidal dispersions to find out the 
amount of catalyst deposited on pieces of cover 
slips.    
 
Results and Discussion 
UV-Visible spectroscopy 
 

The study for surface plasmon resonance 
of l-cysteine capped Ni NPs synthesized by the 
microwave assisted method was performed using a 
UV-Visible spectrophotometer model Lambda 2 of 
Perkin-Elmer, Germany. Several experiments were 
performed to optimize different parameters for 
better and reproducible synthesis of Ni NPs in 
ethylene glycol. A representative UV-Visible 
spectrum for the prepared l-cysteine capped Ni 
NPs is shown in (Fig. 1a). This was obtained from 
a sample prepared after all the optimized 
parameters were optimized in the procedure for 
synthesis of Ni NPs.  
 

 
Figure 1. UV-Visible spectrum recorded for (a) l-cysteine capped 
Ni NPs obtained at pH 7.4 with 1:6 molar ratio of Ni to l-cysteine 
and (b) plot of absorbance v/s time for stability of Ni NPs at λmax 
of 386 nm. 
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The UV-Visible spectrum recorded for a 
typical sample show an absorbance maximum at 
386 nm wavelength which corresponds to the 
formation of Ni NPs. Optimization studies of many 
parameters such as reducing and capping agent 
concentration, quantity of precursor, sodium 
carbonate, sodium hydroxide and hydrochloric acid 
were performed and additional experiments carried 
out to check the effect of time and pH after 
optimization studies also demonstrated the stability 
of nanosized metal products as shown in (Fig. 1b). 
The nickel ions must have been reduced by 
hydrazine hydrate because it is a strong reducing 
agent and reaction would have followed the similar 
reduction path as mentioned elsewhere [16]. We 
believe that encapsulation of the freshly prepared l-
cysteine derived Ni NPs must also followed the 
similar patterns to those discussed by other 
workers [17].  
 
FTIR Spectroscopy 
 

The FTIR spectra of standard l-cysteine 
amino acid and S-linked l-cysteine capped Ni NPs 
have been presented in (Fig. 2). These FTIR 
spectra were recorded to verify the binding 
interaction of l-cysteine molecules with 
nanoparticle surfaces. 
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Figure 2. FTIR spectra of (a) newly synthesized Ni NPs and (b) 
pure l-cysteine. 

(Fig. 2b) shows a characteristic absorption 
band at 2551 cm-1 (i.e. in the range 2600-2550   
cm-1) which is assigned to an S-H stretching 
vibration of standard l-cysteine [17]. This band 
disappears on encapsulation of Ni NPs with l-
cysteine molecules as depicted in (Fig. 2(a)), 
reporting the strong surface binding interactions of 
amino acid molecules via thio linkage to the 
particle surfaces. This is also in good agreement 
with work already reported [17, 18].  

 
Further, it is observed from FTIR spectral 

study that bands at 1585 cm-1 and 1544 cm-1 were 
appeared in free l-cysteine molecules; these are 
attributed to formation of –CO-NH2 linkages 
between amino acid molecules (on the surface of 
different nanoparticles), and shifted to 1608 cm-1 
and 1578 cm-1 respectively (in this case). 
Therefore, we argue that l-cysteine molecules       
do not interact via the carboxylate group      
whereas the shifts in signals provide a hint to the 
surface interactions due to the -S group via   
thiolate linkage [19]. Further confirmation of       
the argument is evidenced by the disappearance   
of diagnostic peak for –NH3

+
 in a newly 

synthesized Ni NPs sample that appeared 
prominently at 2080 cm-1 in FTIR spectra             
of standard l-cysteine which is assigned to 
formation of acylamino groups due to zwiterionic 
moieties [17]. 
 

 
 
Figure 3. Schematic formations of (a) spherical Ni nanoparticles 
and (b) Ni nanorod via different linkages. 
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In addition the strong and broad signal in 
the spectral range 2300-3400 cm-1 appears due to 
the collective effect of intermolecular H-bonding 
between –OH and –NH2 groups of the l-cysteine 
molecules. The shift of these signals to higher 
frequencies is simply because of newer binding 
interactions between nanoparticle surfaces and 
amino acid molecules as shown in (Fig. 3). 

 
Illustrations discussed so far strengthen the 

proposed structures of spherical and longitudinal 
shapes of l-cysteine capped Ni NPs which can     
be presented by the schematic diagram shown in 
(Fig. 3). 

 
Scanning electron microscopy (SEM) 
 

An SEM study was carried out to 
investigate surface characteristics such as 
morphology and size of the synthesized l-cysteine 
capped Ni NPs in ethylene glycol and typical SEM 
image is shown in (Fig. 4). 

 

 
 

Figure 4. SEM image of newly synthesized cyst-Ni NPs by 
microwave irradiation in ethylene glycol.  

 
The image shown in (Fig. 4) was recorded 

for optimized samples of Ni NPs with 1:6 molar 
ratio of Ni to cysteine. It is clearly shown that most 
of the particles are smaller in size but with the 
exception of a very small contribution from 
aggregated Ni NPs. The small degree of 
aggregation is perhaps due to possible intra 
molecular interactions and peptide bond formation 
between l-cysteine molecules bound with surface 
of Ni NPs. Close examination of these images 

reveals that most of the smaller particles are 
rod/chain shaped with a few spherical particles. 
The small sized nanoparticles can be separated 
from aggregated ones by passing the sample 
solution through a nanofiltration membrane with a 
mesh size of 50-200 nm. This serves as the 
template to form l-cysteine capped Ni NPs with 
different morphologies. The average size of 
spherical nanoparticles was 14 nm in the range of 
5–35 nm while that of the nanorods/chains was 20 
nm x 60 nm with a range of 5 nm x 10 nm–50 nm 
x 120 nm. These smaller nanospheres and 
nanorods/chains promise good catalytic activity for 
some specific applications. A number of methods 
have been reported for synthesis of Ni NPs, though 
few synthesized Ni NPs and characterized by SEM 
[16, 20]. 

 
Catalytic activity of Ni NPs for reduction of Cr 
(VI) ions  
 

The investigation for catalytic behavior of 
l-cysteine derived Ni NPs was monitored by UV-
Visible spectroscopy. Experiments were carried 
out to check the efficiency of nanocatalysts using 
potassium dichromate (K2Cr2O7) as a model 
compound and sodium borohydride as the reducing 
agent while the newly synthesized Ni NPs were 
employed as catalysts during the method. We 
checked different parameters which influence the 
reduction of Cr(VI) species such as concentration 
of potassium dichromate, sodium borohydride, 
quantity of Ni NPs and reaction time. In a typical 
experiment 10 µg/ml Cr(VI) solution was treated 
with 0.1 M NaBH4 in the presence and absence of 
Ni powder and Ni NPs in a quartz cell and spectra 
recorded in the range of 300-500 nm. The results 
are presented in (Fig. 5). This shows a broad and 
clear absorption peak for Cr(VI) ions in aqueous 
medium with a characteristic λmax of 352 nm, 
which on addition of NaBH4 shifts to longer 
wavelength with an enhanced absorption peak at 
λmax of 372 nm. This change in absorption profile 
can be attributed to a change in pH of the solution 
after addition of NaBH4. We observed that the pH 
of the solution was 6.9 before and 9.7 after 
addition of NaBH4. This pH change caused change 
in the absorption maximum for the Cr(VI) moieties 
as shown in (Fig. 5a). Further we observed a very 
small decrease in the absorbance at 372 nm which 
is due to the reduction of Cr(VI) ions produced by 
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NaBH4 alone in aqueous medium without the 
addition of any catalyst. Catalytic reduction of 
Cr(VI) to Cr(III) is carried out through excited 
electrons initiated by hydride ions in presence of 
UV-Visible irradiation such that over all catalytic 
reduction of Cr(VI) is illustrated by the equations 
below. Further we studied experimental findings 
for nanoparticle catalyzed reduction of Cr(VI) with 
strong reducing agent (i.e. NaBH4) under UV-Vis 
irradiation as shown in (Fig. 5) that may also 
follow same pathway during the course of reaction. 

 
Scheme 1 

 
Cr2O7

2- + 14H+ + 6e- ----›  2Cr3+ + 7H2O             (4) 
2H2O + 4h+   O2 + 4H+                                     (5) 

 
The time profiles demonstrated in figure 5, 

for remediation of Cr(VI) ions from an aqueous 
solution catalyzed by l-cysteine derived Ni NPs, 
presents a clear picture of high catalytic activity of 
the nanosized nickel catalysts as compared to that 
of reduction performed without catalyst and in the 
presence of metallic nickel powder. The UV-
Visible spectra show marked differences in 
catalytic efficiencies produced by the metallic 
nickel powder and nanocatalyst during the course 
of reduction. Specific surface area, crystalline 
nature and crystalline phases have generally been 
believed to be the important factors for controlling 
activity of catalysts [21]. However the 
nanocatalysts possess large specific surface areas 
which imply high adsorption capacities for the 
analytes. These large surface areas, in principle are 
responsible for the rapid and efficient catalytic 
reduction of Cr(VI) in the present study [14].  
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Figure 5. UV-Visible spectra of Cr(VI) a) 10 µg/ml  Cr(VI) ions in 
water, 1, without addition of NaBH4 a peak at 352 nm, 2, after 
addition of 0.1 M NaBH4 (fresh solution) and 3, same as 2 but 
after 15 min; b) reduction of Cr (VI) with 0.1 M NaBH4 in the 
presence of 0.5 mg Ni powder, where UV-Vis spectra were 
recorded after 5 min up to a time of 15 min and c) same as b) but 
using Ni NPs instead of Ni powder and spectra recorded after 60 
sec each which showed nearly complete reduction of Cr(VI) ions 
in a very short time. 
 

In particular, there was only 6% reduction 
of Cr(VI) ions (in absence of any catalyst) after 15 
minutes times, as calculated from absorption 
results from the UV-Visible spectra after addition 
of NaBH4 alone. We also performed experiments to 
reduce Cr(VI) ions with NaBH4 in the presence of 
Ni powder as catalyst, which resulted in 23% 
reduction in 15 minutes as shown in figure 5(b). 
Similar experiments were also carried out to check 
the catalytic activity of newly synthesized l-
cysteine capped Ni NPs. For this we used the same 
concentrations of the model reagent and reducing 
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agent, and observed 99% reduction of Cr(VI) ions 
in a very short time as illustrated in Figure 5(c). 
The reduction of Cr(VI) can be described as: 
 

Scheme 2 
 

 
2K2Cr2O7 + 2NaBH4 ----› 2Cr2O3 + 4KOH + 

2NaOH + 2B (OH)3 
 
In this case a maximum reduction of 99% 

was recorded for Cr(VI) ions. These results prove a 
clear picture of the difference in size between Ni 
powder and Ni NPs and their use as reduction 
catalysts. The reduction of Cr(VI) has not been 
previously studied by using Ni NPs but Pd NPs 
[22] and Fe2O3 stabilized Fe0 NPs [23] have been 
used as efficient catalysts for this purpose.  
 
Conclusion 
 

The current study has shown that l-
cysteine capped Ni NPs are excellent catalysts for 
almost complete remediation of hexavalent 
chromium ions from aqueous environments. We 
observed 99% reduction of Cr(VI) ions with Ni 
NPs in a very short time (greater than four times 
increase in reduction was achieved in three fold 
lesser time) compared to using conventional nickel 
powder as catalyst. These nanosized catalysts were 
prepared in ethylene glycol by microwave assisted 
reduction of nickel chloride with hydrazine hydrate 
and used as heterogeneous catalysts for reduction 
of Cr(VI) ions by depositing on glass cover slips. 
We observed that l-cysteine capped Ni NPs have 
not been used for similar reduction/ remediation 
studies of hexavalent chromium species and also 
predict that the current study is expected to open 
new doors for their further application in other 
experiments of environmental importance. 
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