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Abstract: We study here the response of photonic hydrogels (PHs), made of photonic crystals of 
homogeneous silica particles in polyacrylamide hydrogels (SPHs), to the uranyl ions 2

2UO +  in 
aqueous solutions. It is found that the reflection spectra of the SPH show a peak due to the Bragg 
diffraction, which exhibits a blue shift in the presence of 2

2UO + . Upon exposure to the SPH, 2
2UO +  

gets adsorbed on the SPH and forms complex coordinate bonds with multiple ligands on the SPH, 
which causes shrinking of hydrogel and leads to the blue shift in the diffraction peak. The amount of 
the blue shift in the diffraction peak increases monotonically up to 2

2UO +  concentrations as high as 
2 300 µM. The equilibration time for the shift in the Bragg peak upon exposure to 2

2UO +  is found to 
be ~30 min. These results are in contrast to the earlier reports on photonic hydrogels of 
inhomogeneous microgel particles hydrogel (MPH), which shows the threshold 2

2UO +  concentration 
of ~600 µM, below which the diffraction peak exhibits a blue shift and a change to a red shift above 
it. The equilibration time for MPH is ~300 min. The observed monotonic blue shift and the faster 
time response of the SPH to 2

2UO +  as compared to the MPH are explained in terms of homogeneous 
nature of silica particles in the SPH, against the porous and polymeric nature of microgels in the 
MPH. We also study the extraction of 2

2UO +  from aqueous solutions using the SPH. The extraction 
capacity estimated by the arsenazo-III analysis is found to be 112 mM/kg. 
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1. Introduction 

The photonic hydrogel (PH) consists of a 

photonic crystal incorporated into a polymeric 

hydrogel matrix [1–8]. To obtain a PH, a photonic 

crystal is prepared by self-assembly [2, 9, 10] of 

monodisperse colloidal particles in a gelation 

medium which is then gelled by the polymerization 

process like photopolymerization [7, 8, 11, 12], 

therefore, it is also called a portable photonic crystal. 

Received: 11 May 2023 / Revised: 6 July 2023 
© The Author(s) 2023. This article is published with open access at Springerlink.com 
DOI: 10.1007/s13320-023-0695-8 
Article type: Regular 



                                                                                             Photonic Sensors 

 

Page 2 of 12

The PH possesses the optical properties of a 

photonic crystal to inhibit the propagation of  

certain wavelengths of light satisfying the     

Bragg diffraction condition [2, 7, 8, 13], thereby 

giving rise to optical stop bands at those 

wavelengths. The PH also possesses the properties 

of hydrogels to swell/ deswell in response to the 

change in its environmental conditions [1, 12, 14]. 

Swelling/deswelling of the PH is associated with the 

expansion/contraction of the embedded photonic 

crystal lattice, resulting in a corresponding change in 

its optical properties. Thus, monitoring the change in 

the optical properties of the PH provides a way to 

monitor the changes in its environmental/solvent 

conditions. There are several reports demonstrating 

the utilization of PHs for the development of sensors 

for pH, temperature, ionic strength, glucose, 

chemicals [1, 2, 5, 8, 14–19], etc., as well as for the 

development of optical devices [3, 13, 20]. 

Uranium extraction from aqueous solutions (sea 

water/nuclear industrial waste) is of high importance 

to reduce the contamination of the solvents and 

recycle nuclear fuel [21–23]. In an aqueous solution, 

uranium exists in the form of uranyl ions ( 2
2UO + ) as 

the most stable form. Several materials based on 

nanoparticles, hydrogels, and metal-organic 

frameworks have been reported to extract 2
2UO +  by 

adsorption [24–30]. For example, poly acrylic acid 

hydrogels are found to have the good efficiency in 

removing 2
2UO +  from the waste water with a high 

adsorption capacity of 445.1 mg/g [24]. MCM-41 

silica particles grafted with polyacrylonitrile and 

further modified with carboxyl groups have also 

shown a high adsorption capacity of 442.3 mg/g [25]. 

The hydrogel-like spidroin-based protein fiber is 

shown to be ultrafast and highly selective in the 

extraction of 2
2UO +  from sea water with the 

extraction capacity of 12.33 mg/g [29]. Magnetic 

nanoparticles functionalized with phosphate-based 

complex coating are reported to have the excellent 

selectivity and adsorption capacity (1 690 mg/g) [30] 

as well as offer an advantage for easy collection and 

removal from the solvent using a magnetic field. 

While the above materials are good for the 

extraction of 2
2UO +  from aqueous solutions, they 

cannot be analyzed directly to investigate the 

amount of uranium extracted/adsorbed. The analysis 

of the extracted uranium is performed using the 

solvent remaining after extraction with the help of 

some other techniques like fluorescence [31–33], 

radiochemical methods [34], alpha spectrometry 

[35], and inductively coupled plasma mass 

spectrometry [36]. Byrne et al. [34] have used the 

radiochemical neutron activation analysis method to 

determine uranium levels in blood, hair, and urine of 

occupationally exposed persons. Wang et al. [33] 

have developed a resonance fluorescence 

chemosensor for the determination of uranium (VI) 

based on the formation of the heterobinuclear 

complex with europium (III) and a di-tetradentate 

macrocyclic ligand. Although these techniques are 

reasonably sensitive and effective, they need 

expensive and complicated instrumentation, making 

it difficult to perform onsite characterization. 

However, colorimetric techniques [37–39] facilitate 

the onsite characterization of uranium due to the 

portability of instruments. Colorimetric sensors 

exhibit the change in color upon exposure to 

uranium and hence offer an advantage of qualitative 

detection of uranium in the solution just by visual 

observation [37, 40]. In order to analyze uranium, all 

the above techniques need pre-processing of the 

solvent, which further delays the analysis after 

extraction and thus, real time (in situ) information 

about extracted uranium is lacking with these 

techniques. 

On the other hand, recently Joshi et al. [41] have 

reported a microgel based PH which has a good 

extraction capacity (487 mM/kg) for 2
2UO +  in 

aqueous solutions. Joshi et al. [41] have referred to 

the microgel based PHs as composite photonic 

crystals (CPC); to be more specific, we have 

re-named it as microgel particles hydrogel (MPH). 

During extraction, the MPH shows a shift in its 
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diffraction peak upon adsorption of 2
2UO + , enabling 

its real time monitoring. However, the shift in the 

diffraction of MPH with respect to the change in the 
2
2UO +  concentration is not monotonic. The MPH 

has a threshold for 2
2UO +  at ~600 µM, below which 

the diffraction peak exhibits a blue shift and a 

change to a red shift above the threshold [41], 

making it difficult to correlate the shift in the 

diffraction peak with the associated 2
2UO +  

concentration. The response of the MPH to 2
2UO +  

is also found to be quite slow. It takes about 300 min 

to reach the equilibrium for the shift in the 

diffraction peak or extraction of 2
2UO + . Here, we 

report studies on PHs, prepared using homogeneous 

silica particles in polyacrylamide hydrogels (SPHs), 

which exhibits monotonic blue shift in its diffraction 

peak and has faster response compared to the MPH. 

Xiao et al. [42] have reported studies on the 

extraction and monitoring of uranium using a silica 

based PH. However, Xiao et al. [42] have monitored 

the Bragg shift in the SPH with respect to uranium 

up to the concentration of 300 µM, whereas the 

threshold uranium concentration in the case of MPH 

is found to be ~600 µM. Also, Xiao et al. [42] 

performed the measurement after 12-hour exposure 

of the SPH to uranium and time dependent evolution 

of shift in Bragg diffraction peak upon the exposure 

was not reported. Thus, it is not known if there is 

any threshold uranium concentration for the shift in 

the Bragg peak in the case of the SPH as observed in 

the case of the MPH and, what is the time required 

for the shift in the Bragg peak in the SPH to reach 

the equilibrium upon exposure to uranium. Here, we 

report detailed studies on the evolution of the Bragg 

diffraction peak of the SPH with respect to the 

uranium concentration as high as 2 300 µM and as a 

function of time after exposure to uranium. Our 

studies reveal that the SPH exhibits the monotonic 

blue shift in the diffraction peak up to the uranium 

concentration of 2 300 µM and has about 10 times 

faster time response (30 sec) compared to the MPH. 

Studies on the extraction capacity of the SPH 

(analyzed from absorption spectra of 

uranium-arsenazo-III complexes) for 2
2UO +  are 

also presented. The results of the SPH are discussed 

in light of the homogeneous nature of silica particles 

in contrast to the inhomogeoeous/polymeric nature 

of microgels in the MPH. 

2. Materials and methods 

2.1 Synthesis of silica particles 

Silica particles are synthesized using well known 

Stöber’s method [43, 44]. This silica particle 

suspension is purified by dialysis against milli-Q 

water for a few days and concentrated by 

centrifugation. Concentrated suspensions are kept in 

contact with ion exchange resigns (bio-rad) for 

further de-ionization. After a few hours of 

de-ionization, concentrated suspensions develop 

iridescence, indicating the ordering of silica particles 

in a crystalline state. The radius and polydispersity 

of silica particles, characterized using dynamic light 

scattering, are found to be 117 nm and 5%, 

respectively. 

2.2 Preparation of SPHs 

SPHs are prepared by incorporating the 

homogeneous silica particles photonic crystal in a 

polyacrylamide hydrogel matrix [4, 6, 7]. In the  

case of the MPH, the use of microgels (which    

are porous and inhomogeneous) leads to 

interpenetration/entanglements of polymer chains of 

the microgel and hydrogel giving rise to complex 

interactions [8], which are responsible for the slow 

and nonmonotonic response of the MPH towards 
2
2UO + . In the SPH, due to the presence of 

homogeneous silica particles, such complex 

interactions with hydrogel are absent, and hence,   

it is expected to show the improved response     

for uranyl ions. Towards this, stock solutions     

of acrylamide (6 M) and N,N′-methylene 

bis-acrylamide (0.25 M) are prepared in the milli-Q 

water. Silica photonic crystals are prepared in the 

pregel medium by adding 200 µL of acrylamide 
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solution (6 M) and 400 µL of N,N′-methylene 

bis-acrylamide solution (0.25 M) to 1.4 mL of the 

above concentrated silica suspension. Then, 2 µL of 

photo-initiator (diethoxy acetophenone-DEAP) is 

added, and the reaction mixture is kept in contact 

with mixed-bed resins till the iridescence appears. 

The silica photonic crystal in the pregel solution is 

injected into a cell formed with two quartz slides  

(1 mm thick) separated by the 250 µm spacer    

(two layers of 125 µm parafilm) and exposed to the 

ultra violet (UV) radiation (325 nm lamp) for      

1 hour. Exposure to UV leads to the formation of 

polyacrylamide hydrogel around the silica particles 

which fixes the photonic crystal into hydrogel   

and develops as an SPH. The SPH is isolated   

from the cell and soaked in milli-Q water for     

48 hours for purification and equilibration before 

subjecting to UV-visible characterization. A piece of 

purified SPH is dried at the room temperature    

(23 ℃) for 48 hours and gold coated for scanning 

electron microscopy (SEM) imaging [Fig. 1(a)].  

The SEM image shows silica particles ordered    

in arrays embedded in the polyacrylamide    

matrix. 
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(a)                                               (b) 

Fig. 1 Characterization of ordering of silica particles in the SPH: (a) SEM image of the dried SPH showing ordered arrays of silica 
particles embedded in polyacrylamide. Inset shows the magnified SEM image of the dried SPH and (b) normalized UV-visible 
reflection spectra of un-hydrolyzed and hydrolyzed SPH (color online). 

3. Results and discussion 

3.1 Investigations on response of the SPH to 2
2UO +  

The response of the SPH to 
2
2UO +

 with respect to 

the time as well as the concentration is characterized 

by recording its corresponding UV-visible spectra. 

All spectra are recorded using the fiber-based 

UV-visible spectrometer (Avantes, Netherlands) 

under normal incidence at the room temperature. 

Figure 1(b) shows the reflection spectra for the 

as-prepared SPH. It shows a peak at ~880 nm. The 

peak occurs due to the Bragg diffraction of light 

from the silica photonic crystal at a wavelength 

where the diffraction condition 2μdhkl
 = nλ is 

satisfied. Here, dhkl is the interplaner spacing of the 

SPH, μ is the refractive index of the solvent, and n is 

the order of diffraction. For the as-prepared SPH, the 

near-neighbour separation, dnn, can be determined 

from the peak position, λpeak using the relation [45], 

( )nn peak3 2 2d λ μ=  and is found to be 405 nm. 

The lattice constant estimated using the relation for 

a face centred cubic structure [46, 47], nn2a d=  

is found to be 573 nm. The as-prepared SPH has 

amide (−NH2) ligands from polyacrylamide to 

capture the 2
2UO + . However, it is known that 

carboxyl groups (−COOH) are highly efficient 

ligands to extract 2
2UO +  compared to amide groups 

[24]. In order to convert the existing amide groups 

of the SPH into carboxyl groups, the SPH is 

subjected to hydrolysis in an aqueous solution of   

0.5 M NaOH for 3 hours. Carboxyl groups dissociate 

in the aqueous medium and add charges to polymer 

chains; as a result, the hydrogel swells due to 

columbic repulsion of charges on polymer chains. 
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Indeed, we see in Fig. 1(b) a red shift in the Bragg 

diffraction peak for the hydrolyzed SPH, which 

arises from the expansion of the photonic crystal 

lattice due to swelling of hydrogel upon hydrolysis 

and thus confirms the conversion of amide groups 

into carboxyl groups. Along with the red shift, the 

spectral bandwidth of the hydrolyzed sample is seen 

to decrease as compared to the unhydrolyzed one. 

This is due to the corresponding change in the 

crystallite size of photonic crystals embedded in the 

SPH. As the SPH swells/expands upon hydrolysis, 

the crystallite size increases resulting in a reduction 

of the spectral width. Swelling of the SPH is also 

expected to improve its time response for uranium 

due to the increased pore size/enhanced solvent 

diffusion. Upon hydrolysis for more than 3 hours, 

the SPH is found to become fragile and difficult to 

handle. The 3 hours hydrolyzed SPH is cut into 

pieces of the size ~10 mm × 10 mm and used for all 

further measurements. Uranium solutions with 

different concentrations are prepared from the uranyl 

nitrate stock solution (144 mM in 1 M nitric acid) by 

its dilution. The carboxylic group shows the 

maximum extraction efficiency for uranium at pH 

(~5.5) [24], therefore, all the uranium solutions are 

prepared at pH (~5.5) using the 0.1 M acetate buffer. 

3.1.1 Time dependence 

The time response of the SPH to 2
2UO +  is 

studied by monitoring the time evolution of its 

Bragg peak in the presence of 2
2UO + . For this 

purpose, the SPH is soaked into the 75 μM 2
2UO +  

solution and its reflection spectra are recorded as a 

function of time after soaking, directly from the 

container using the fiber optical probe [Fig. 2(a)]. 

The spectra show the Bragg peak which undergoes a 

blue shift at the initial time and reaches saturation at 

the later time. Figure 2(b) shows the peak position 

with respect to the time after soaking. It is seen that 

the shift in the Bragg peak reaches saturation in 

about 30 min from soaking. Along with the shift, the 

shape of the reflection spectra of the SPH is also 

found to vary upon the adsorption of uranyl ions due 

to the polycrystalline nature of the photonic crystal 

embedded in the SPH. As the SPH shrinks upon 

adsorption of uranyl ions, the size of the crystallites 

decreases, resulting in broadening of the peak in the 

spectra. In addition to this, spectra at higher uranyl 

ion concentrations show multiple peaks due to the 

non-homogeneous shrinking of hydrogel resulting 

from the non-homogeneous crosslinking of hydrogel 

in photopolymerization. The blue shift in the peak 

results from adsorption of 2
2UO +  on the SPH 

(discussed in detail in a later section). Therefore, 

saturation in shifting of the peak position also 

indicates that the saturation/equilibrium time for 

adsorption of 2
2UO +  on the SPH is ~30 min. In the 

case of the MPH, the saturation time for shifting of 

the Bragg peak/adsorption of 2
2UO +  has found to 

be ~300 min, which is 10 times larger than the time 

observed for the SPH. It suggests that the SPH has 

relatively rapid response towards adsorption of 
2
2UO +  as compared to the MPH. The slow response 

from the MPH could be due to the complex nature 

of interactions between microgel and hydrogel 

arising from interpenetrating networks of polymer 

chains between the microgel and hydrogel [8, 12]. 

The porous and polymeric nature of microgels [48] 

leads to the formation of the interpenetrating 

network of polymer chains between the microgels 

and hydrogel, which induces additional crosslinks 

(physical) between the polymer chains. The MPH 

also has the relatively high polymer content as a 

contribution from microgels as well as a hydrogel. 

On the other hand, silica particles in the SPH are 

non-porous (homogeneous), which are simply 

grafted in polyacrylamide chains. The SPH has the 

relatively low polymer content as the polymer 

contribution comes only from the hydrogel. Also in 

the hydrolyzed SPH, negative charges are present in 

a large amount all over the hydrogel, which impart 

electrostatic attraction to 2
2UO + , whereas in the 

MPH charges are present in a small amount only on 
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the microgel, and the hydrogel as such is neutral. 

Due to these conditions, the SPH has relatively rapid 

response for 2
2UO +  compared to the MPH. At 

higher concentrations of 2
2UO + , the time response 

of the SPH is found to be even faster. However, in 

order to keep the same time scales based on above 

studies, the measurements are carried out after one 

hour of soaking for all concentrations of 2
2UO + . 
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Fig. 2 Time response of the SPH to uranyl ions: (a) normalized UV-visible reflection spectra and (b) corresponding diffraction peak 

positions of the SPH as a function of the time after soaking into the 75 μM uranyl ions solution. The dashed line is the guide to the eye 
(color online). 

3.1.2 Explanation for blue shift in Bragg 
diffraction peak of the SPH 

The observed blue shift in the Bragg diffraction 

peak of the SPH upon adsorption of 2
2UO +  can be 

explained by considering the chelation interactions 

(complex coordinate formation) between uranyl ions 

and carboxyl ligands present on hydrogel polymer 

chains [24]. An evidence for the formation of the 

complex coordinates between uranyl ions and 

carboxyl ligands has been reported in the literature 

through (infrared radiation) IR/Raman spectroscopic 

measurement [42, 49, 50]. The 2
2UO +  ions have the 

ability to form complex coordinates with multiple 

ligands. As multiple ligands approach towards single 

uranyl ion for chelation, polymer chains to which 

ligands are attached also get pulled together 

resulting in deswelling (shrinking) of the SPH. 

Figure 3 shows the schematic diagram for the 

deswelling (shrinking) of the SPH upon adsorption 

of 2
2UO + . In the SPH, the silica photonic crystal is 

embedded into the hydrogel, therefore shrinking of 

the SPH causes shrinking of inter-planar spacing of 

the silica photonic crystal, which is responsible for 

the blue shift in the Bragg diffraction peak observed 

in the reflection spectra. Shrinking of the SPH upon 

exposure to 2
2UO +  ions is also evident from the 

photographs (Fig. 4). The photographs are taken 

under the white light illumination. As seen from the 

photograph, the SPHs show colours due to the 

diffraction, which is prominent in the shrunken SPH 

(after adsorption of uranyl ions at the higher 

concentration), as its reflection peak lies in the 

visible region [Fig. 5(a)]. The colors are faint due to 

weak diffraction by SPHs, as apparent from the 

weak and broad diffraction peak in the reflection 

spectra recorded at higher concentrations of 2
2UO +  

[Fig. 5(a)]. 

Before 2
2UO +  capture 

After 2
2UO +  capture 

Silica particle  Hydrogel

2
2UO +

 

Fig. 3 Schematic diagram showing shrinking (de-swelling) 
of the SPH upon capturing 

2
2UO +

 ions (color online). 
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Before 2
2UO +  capture After 2

2UO +  capture 

 

Fig. 4 Photographs of the SPH before and after extraction of uranyl ions. 
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Fig. 5 Response of the SPH to change in the uranyl ion concentration: (a) recorded UV-visible reflection spectra and            
(b) corresponding diffraction peak positions of the SPH at different 2

2UO +  concentrations in aqueous solutions. The continuous line is 

the fit of the experimental data to (1) extrapolated to show saturation at the higher concentrations (color online). 

3.1.3 Concentration dependence 

To study the dependence of the shift in the Bragg 

peak position on the 2
2UO +  concentration, pieces of 

the SPH are soaked in different concentrations of 
2
2UO + . Reflection spectra of the SPH at different 

values of 2
2UO +  are shown in Fig.  5(a). With 

increasing 2
2UO + ,  the diffraction peak gets 

broadened and its intensity decreases. This is due to 

a decrease in the size of the crystallites resulting 

from the shrinking of the SPH upon adsorption of 

uranyl ions. The multiple peaks in spectra at higher 
2
2UO +  concentrations are due to inhomogeneous 

shrinking, arising from inhomogeneous crosslinking 

density of the photo-polymerized SPH. Moreover, 

all spectra show a blue-shifted Bragg peak. As seen 

from Fig. 5(b), the extent of the blue shift increases 

monotonically with an increase in 2
2UO + . This is in 

contrast with the MPH that is found to have a 

threshold concentration for 2
2UO + , below which the 

diffraction peak exhibits a blue shift and a change to 

a red shift above it [41] . This can be understood in 

the following way: the diffusion of 2
2UO +  into a PH 

upon its immersion in a 2
2UO +  solution has two 

counteracting effects. One is the binding of 2
2UO +  

with multiple ligands (ionic crosslinking) by the 

formation of complex coordinates which can cause 

shrinking of a PH [51]. The other effect is that it 

increases the mixing contribution to the osmotic 

pressure inside a PH, which can cause swelling of a 

PH [52]. For complex coordinates formation, most 

of the ligands in the hydrolyzed SPH are carboxyl 

groups, whereas in the case of the MPH, the 

majority of the ligands are of amide groups (NH2 – 

from the polyacrylamide hydrogel and NH – from 
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the poly N-isopropylacrylamide-co-poly acrylic acid 

microgel) and a small amount of carboxyl groups 

from acrylic acid (present in microgels) [41]. It is 

known that the carboxyl groups have higher binding 

affinity towards uranyl ions than amide groups [24, 

53]. Therefore, in the SPH, the effect of binding of 
2
2UO +  to carboxylate ions dominates the mixing 

contribution at all studied concentrations, giving rise 

to continuous shrinking of the SPH (a blue shift in 

the diffraction peak). On the other hand, in the MPH, 

the binding contribution dominates over mixing in 

the low concentration regime where the MPH 

exhibits shrinking (a blue shift in the diffraction 

peak) and the mixing contribution dominates over 

binding in the high concentration regime making the 

MPH swell (a red shift in the diffraction peak), 

giving rise to the threshold behavior. This explains 

the observed monotonic blue shift in the diffraction 

peak for the SPH and the threshold behavior for the 

MPH with the increasing 2
2UO +  up to 

concentrations as high as 2 300 µM. The shift in the 

reflection peak during an increase in the 

concentration of 2
2UO +  is expected to saturate when 

all the ligands available on the SPH to adsorb 
2
2UO +  are exhausted. Since the diffraction peak 

intensity is found to become weaker with increasing 
2
2UO +  concentration [Fig. 5(a)], the 2

2UO +  

concentration for the saturation of the reflection 

peak could not be measured experimentally. The 

concentrations of 2
2UO +  for the saturation of the 

shift can be predicted by extrapolating the 

experimentally observed behavior of the peak 

wavelength with the 2
2UO +  concentration. The shift 

in the peak of the SPH occurs due to a decrease in 

the inter-planar spacing of the photonic crystal (as 

given by the Bragg condition 2µdhklsinθ  = λpeak), 

which in turn arises from the deswelling of the 

hydrogel containing it. Since the deswelling of the 

hydrogel can be described by exponential 

dependence [52], we apply the same here to describe 

the shift in the peak wavelength as the following: 

2
2 2

peak 2 peak_s

UO
(UO ) expD

K
λ λ

+
+  

= + − 
 

    (1) 

where 2
peak 2(UO )λ +  is the peak wavelength at a 

given 2
2UO +  concentration, peak_sλ  is the saturated 

peak wavelength, D is the amplitude of the shift, and 

K is a constant describing the inverse rate, at which 

the shift occurs. Using the above approach, we have 

fitted the dependence of the peak position on 2
2UO +  

concentrations [Fig. 5(b)] with (1), yielding the 

fitting parameters as peak_sλ  = 579.3 nm, D = 416.7 nm, 

and K = 877.1 µM. Extrapolation of the peak 

wavelength to higher uranium concentrations 

suggests that the saturation in the shift in the 

reflection peak will occur at ~4 500 µM. 

We have also investigated the response of the 

SPH to other divalent as well as monovalent ions. 

For this purpose, pieces of the SPH are soaked in 

solutions of different ions (Mg2+, Ni2+, Fe2+, and K+) 

with the concentration of 500 μM each at pH (~5.5) 

and the corresponding reflection spectra are 

recorded after one hour of adsorption (Fig. 6). For 

reference, spectra of the SPH exposed to 500 μM 
2
2UO +  and without exposing to any ions are also 

shown. Figure 6 shows that the blue shift for 2
2UO +  

ions is much larger than that for other divalent or 

monovalent ions. The larger blue shift for 2
2UO +  

may result from its larger size, so it can coordinate 

with more number of ligands as compared to other 

ions [23, 54]. 
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Fig. 6 Normalized UV-visible reflection spectra of the SPH 
upon adsorption of different ions (color online). 
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3.2 Extraction of 2
2UO +  from aqueous solutions 

using the SPH 

We also estimate the extraction capacity of the 

SPH for 2
2UO + . For this purpose, 0.002 g (dried) of 

the SPH is soaked in 5 mL of 300 μM of the 2
2UO +  

solution at a pH (~5.5) for 1 hour. 2
2UO +  extracted 

by the SPH is estimated using the arsenazo-III dye 

analysis [41, 55]. In this analysis, the uranium 

solution (250 μL) is mixed with 10 M HNO3 (3 mL) 

in the presence of aqueous solutions of arsenazo-III 

dye (250 μL, 0.1 wt.%) and sulphamic acid (250 μL, 

10%) and finally the volume of the mixture is made 

5 mL by adding 10 M HNO3. The mixture is kept for 

2 hours undisturbed for uranium-arsenazo-III 

complex formation and then analyzed using 

UV-visible absorption spectra. The samples are 

prepared from the 300 μM uranium solution before 

and after the extraction in this solution by the SPH. 

Figure 7 shows the absorption spectra for uranium- 

arsenazo-III mixtures prepared before and after the 

extraction. A peak at ~650 nm in both spectra 

confirms the formation of uranium-arsenazo-III 

complexes. The intensity of the peak at ~650 nm 

depends upon the amount of 2
2UO +  in the solution.  

As expected, the absorption peak is more intense for the 

solution before extraction as compared to that after 

extraction. The extraction efficiency (Ε) of the SPH 

can be determined from absorption data using the  

following relation, 
( ) ( )

%%
i

fi

i

fi

C

CC

A

AA
E

−
=

−
= ,  

where Ai and Af are initial and final absorptions, and 

Ci and Cf are corresponding concentrations, 

respectively. The analysis shows that the SPH    

has the extraction efficiency of ~25%. We also       

estimate the adsorption capacity of the SPH 

using the relation, 
( )

%i fC C
Q V

m

−
= , where V is the  

volume of the solution and m is the mass of the SPH, 

and find it to be 44 mg/g or 112 mM/kg of the SPH. 

The Q value for the present SPH is higher than that 

reported by Xiao et al. [42] (~58 mM/kg), which 

could be due to the use of the longer hydrolysis time 

(3 hours) and high BIS content (0.8 wt%). The Q 

value of the SPH is comparable to or better than that 

reported for some of the other materials, e.g., 

Fe3O4-halloysite nanotube (88.32 mg/g) [26], 

thermo-sensitive hydrogel (14.69 mg/g) [53],    

and hydrogel like spidroin-based protein fiber    

(12.33 mg/g) [29]. However, the extraction capacity 

for the SPH (112 mM/kg) is less than that for the 

MPH (487 mM/kg) [41], which is due to the low 

polymer content of the SPH as compared to the 

MPH. In the SPH, only the hydrogel contributes to 

the polymer content, whereas in the MPH, the 

hydrogel plus microgel contribute to the polymer 

content. As a result, the number of ligands available 

for capturing 
2
2UO +

 is more in the MPH than in the 

SPH, giving a higher extraction capacity for the 

MPH. The uranium extracted by the SPH can be 

separated by soaking the SPH in a strong acid 

solution, as the interaction between ligand groups 

(carboxyl and amide) and 2
2UO +  is expected to get 

weakened in the acidic medium due to the 

protonation of ligands, and then the regenerated 

SPH can be recycled for extraction of uranium. As 

reported by Xiao et al. [42], the uranium extracted 

by the SPH can be separated using the 1 M HCl 

solution and the regenerated SPH can be recycled  

6 times for extraction with the recovery efficiency 

over 94.75%. 
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Fig. 7 UV-visible absorption spectra of uranyl 

ion-arsenazo-III complex before and after extraction of UO2
2+ in 

aqueous solutions (color online). 
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4. Summary and conclusions 

We have presented a novel SPH and studied its 

response to uranyl ions in aqueous solutions. It is 

found that the SPH exhibits a blue shift upon capture 

of uranium by adsorption. The SPHs respond quite 

faster to 2
2UO + , i.e., taking only ~30 min. to reach 

equilibrium in adsorption of 2
2UO + /in time 

evolution of its Bragg peak. The blue shift increases 

monotonically with an increase in the 2
2UO +  

concentration. The fast response and monotonic blue 

shift in the Bragg peak observed in the SPH offer the 

advantage over the MPH, as the MPH has ten times 

slower response (taking ~300 min. to reach 

equilibrium in 2
2UO +  adsorption) and exhibits a 

threshold behavior. The extraction efficiency of the 

SPH is found to be 112 mM/kg, which is, however, 

lower than that of the MPH (487 mM/kg). The 

homogeneous nature of silica particles in the SPH 

against the inhomogeneous/polymeric nature of 

microgels in the MPH is responsible for the faster 

and monotonic response, but the low extraction 

capacity of the SPH for 2
2UO +  over the MPH. We 

believe that our work will motivate further research 

on PHs towards their utilization for fast and accurate 

detection/extraction of uranium and other heavy 

metal ions with the enhanced extraction capacity. 
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