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Abstract
A process hybridisation has been conceptualised in a three-stage process (a) Complexation, (b) Ultrafiltration (UF), and (c) 
Resin bed treatment. The system demonstration with nuclear plant generated waste was performed effectively by using a 5 
L lab scale experimental capacity set-up. In complexation stage, water soluble polymers viz., Polyethylene imine (0.1%), 
Polyvinyl alcohol (0.1%), were used as the complexing agents either individually or in combination and around 0.12% total 
metal ions [that includes Uranium 1000 ppm, and other metals, pH-5.6] has been passed through UF membrane unit followed 
by a polyacrylamidehydroxamate resin bed, where outlet concentration was found to be in BDL level.
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Introduction

Process Hybridisation (PH) is a combination of available 
processes for treatment of aqueous waste containing valu-
able and toxic metal ions. Hybrid process are gaining impor-
tance and has several advantages [1–4]. In the present study 
the hybridisation process is developed conceptually which 
involves three stage namely, complexing between metal 
with water-soluble polymer, Ultrafiltration to separate out 
the macromolecules, polishing of the permeate through a 
solid phase resin bed to separate any residual metal ions. 
The combination of the process steps makes the process 
selective, provides flexibility in design, each step has more 
efficiency and can be run for a longer period of time as the 
load on any one process is reduced.

Nuclear energy has emerged as a clean source [5] and 
the growth of nuclear science and technology has been 
significant. Aqueous nuclear waste contains several toxic 
metals, which are chemically and radiologically harmful. 
These wastes if disposed untreated will pose danger to living 
world. Nuclear industry produces (aqueous effluent) waste 
starting from mining, milling, fuel fabrication, operation of 
reactors to reprocessing of spent fuels [6–8].

The aqueous waste contains spectrum of elements; like 
uranium U(VI) with iron Fe(III), copper Cu(II), strontium 
Sr(II), aluminium Al(III), calcium, magnesium other transi-
tion metal ions, lanthanides, alkali metal etc., all of which 
has its source in the original ore. On investigating the nature 
of effluent and process of treatment; it was found that aque-
ous effluent contained several dissolved metal ions, colloidal 
particles, and radiotoxic valuable elements [9].

Various treatment methods can be deployed [10, 11] for 
the treatment of toxic metals which includes precipitation, 
adsorption, ion exchange, reverse osmosis (RO) to name a 
few. Some conventional processes viz., precipitation have 
disadvantages of consumption of other chemicals. Few oper-
ational procedures, viz., RO etc. Demands high pressure and 
capacity pumps etc. Hence, design criterion needs to be case 
specific; e.g., precipitation is effective for high concentra-
tion/metal ion loading even in percentage level contamina-
tion while processes like solvent extraction is suitable for 
ppm level concentration. Combination of such conventional 
processes may be utilised for removal of contaminants.
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In the present study, actual waste generated during Ura-
nium refining process has been treated with the PH tech-
nique. The PH is demonstrated with waste obtained from two 
sources generated in a Uranium refining facility. Initial study 
of polymer metal complexing was quantified using UV/Vis 
spectroscopy with synthetic solution and then ultrafiltration 
parameters was optimised on a 5 L scale. The initial study 
with synthetic solution was performed with representative 
metals from lanthanide Gd(III), transition Cu(II), alkaline 
earth metal Sr(II) and actinide U(VI) series. The sorption 
study with individual metal and PHA resin was carried out 
and metal resin was characterised by EDXRF and XRD. The 
process hybridisation was initially performed on a simulated 
solution containing mixed metal solution was used and is 
reported elsewhere [12].

Theory

The process is conceptualised with 3 stages, (a) Complexa-
tion and removal of any sediments formed by prefilter, (b) 
Ultrafiltration to remove any coagulates formed, (c) Sorp-
tion for final refinement of the effluent to remove even trace 
amount of metals.

Complexation

A polymer-metal complex is a coordination complex 
between a ligand function anchored on a polymer matrix that 
contains co-ordinating groups or atoms mainly N, O, S and 
a metal ion by a coordinate bond [13, 14]. Multivalent metal 
ions have affinity for macromolecular entity and if specific 
functional moieties are present then the metal ions are more 
prone to form stable chelate complexes. Figure 1 shows the 
schematic for the formation of metal polymer complex.

Ultrafiltration

Ultrafiltration (UF) is a pressure-driven purification process 
that separates particulate matter from soluble compounds 
using an ultrafine membrane media. Ultrafiltration is an 
excellent separation technology for desalination pre-treat-
ment, reverse osmosis pre-treatment, and wastewater rec-
lamation, as well as for producing potable water [15–18].

Ultrafiltration (UF) is the process of separating extremely 
small particles and dissolved molecules from fluids. The pri-
mary basis for separation is molecular size—particles rang-
ing from 1000 to 1,000,000 molecular weight are retained 
by ultrafiltration membranes. The nature of ultra-filtration 
is basically to treat colloids. The efficiency of a ultrafiltra-
tion set up is a trade off between the metal retention and 
the rejection ratio. From the concentrations of permeate and 
retentate the retention values are calculated as follows.

where Cp = concentration of metal ion in permeate and Cf is 
the concentration of metal ion in feed.

Solid phase extraction process

Sorption is a combination of both adsorption (which means 
accumulation of a substance at the surface of a solid or a 
liquid) and absorption (which means assimilation of a sub-
stance within the bulk of a solid or liquid). The equilibrium 
relationship is described by adsorption isotherms [19].

Reagents and samples collection

The water soluble polymers used were all analytical 
grade. Polyethyleneimine with average molecular weight 
25,000. Polyvinyl Alcohol with average molecular weight 
100,000. Polyacrylic acid with average molecular weight 
125,000 were used as polymer. Solutions were prepared 
with deionized water using Millipore deionizer (Millipore’s 
milli-Q-ZRQSOP030).

The demonstration of the PH was carried out with 2 waste 
sources from nuclear refining plant.

Experimental procedure

The RAD-waste was diluted with demineralised water to 
maintain a total metal loading of around 1200 ppm and vol-
ume was made up to 5 L in the reaction tank as shown in 
figure 6.2 pH adjusted with NaOH to maintain the pH at 5–6. 
From 1% polymer stock solution, measured volume added 
to make a 0.1% 5 L polymer solution in the reaction tank. 
The mixture mixed for 1 h at 120 rpm for equilibration with 

(1)R = 1 − Cp∕Cf

(2)
The Rejection Ratio = Permeate flow rate∕Retentate flow rate

Fig. 1   Schematic representation of metal polymer complexation
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the stirrer. The equilibrated solution is then passed through 
a polypropylene prefilter first and then through the UF mem-
brane by a booster pump. The UF membrane is Hi-tech 1812 
capillary type polysulphone based membrane with a pore 
size of 0.02 micron. The operational transmembrane pres-
sure ranges from 5 to 25 psi and the maximum flow rate is 
2gpm. The prefilter separates any impurities and also non-
homogenised complex if any. Sample is collected at the pre-
filter outlet. PEI and PVA polymers are used sequentially 
and samples were collected on every step. Two polymers 
based on their anionic and cationic behaviour were chosen 
for the study of a multicomponent separation and the effec-
tiveness of each polymer is studied in two separate experi-
ments with same waste but different variations. Permeate 
sample from UF outlet after 1 h of recirculation. The sam-
ples are analysed in ICP-AES.

The permeate stream of UF was passed through the resin 
bed and the final outlets/samples were collected. A resin bed 
is a fixed bed with glass column having 3.8 cm diameter, 
46 cm length loaded with 40 g polyacrylamide hydroxamate 
(PHA) resin and solution passed at a flow rate of 15 mL/min. 
The column outlet was also analysed in ICP-AES. Exhaus-
tion of the resin bed was visible through transparent glass 
which is attributed to the special chromatographic properties 
of PHA resin. Figure 2 shows the experimental set-up for 
the hybrid process.

The demonstration of the PH was carried out with 2 waste 
sources from nuclear refining plant.

Lab waste from quality control lab of refining plant

Two lab waste sources from U refining facility were col-
lected. Both the lab waste contains around U-9-10 g/L, 
along with other metals like Sr, Cu, Fe, Mg, Mn etc. free 

acid 1.2 N–1.5 N. The elemental characterisations of the 
waste solutions were carried out in ICP-AES. Solutions were 
diluted with demineralised water to bring the U concentra-
tion in the range of 1000 ppm. The Solutions were diluted 
about 10 times. Total metal ion concentration in the final 
diluted Solutions were around 1200 ppm. The pH of the 
solution was maintained at 5–6 with analytical grade NaOH. 
30 g of NaOH flakes were added to the 5 L diluted solution. 
Currently, this waste solution is being treated by chemical 
precipitation method along with other waste in the effluent 
treatment plant. Figure 3 shows the polymer induced ultra-
filtration set up for lab waste solution.

Results and discussion

Metal polymer complex

UV studies: 10 mL of 0.1% polymer solution taken in beaker. 
To this solution metal solution was added in increasing 
volume. The concentration of metal solution taken was 
1000 ppm. The resulting solution was mixed and tested in 
UV- Shimadzu double beam spectrometer using matched 
10 mm quartz cells. The absorbance when plotted against 
volume of solution/metal loading. The absorbance of a series 
of mixture is measured at a suitable wavelength. The plot 

Resin 
Column

Stirrer

Reaction 
tank

Fig. 2   Photograph of actual set up for the waste treatment

Fig. 3   Labwaste solution complexation

Table 1   Uptake of metals by 
polymers from spectroscopic 
method

Metals PEI 
uptake 
mg/g

PVA 
uptake 
mg/g

Cu 100 200
Sr 125 15
Gd 200 20
U 100 50
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will give a maximum and the method is applicable which 
obeys Beer’s law. Table 1 shows the uptake of metals by two 
polymers PEI and PVA.

The interaction between metal ions and water-soluble 
polymer in solution is mainly the result of

a.	 electrostatic forces
b.	 coordination bonds
c.	 covalent bonds
d.	 some weaker interactions like trapping of respective 

metal ions in the polymeric bulk.

The bond stability depends on the type of interaction 
while the uptake is depends on the size and electro-negativ-
ity of the metal ions also. The differential uptake of metal 
ions is basically due to the nature of interaction. Cu(II) 
forms a predominantly co-ordinate bond with the lone pair 
of the nitrogen in PEI while forms a stable six membered 
ring type complex with PVA and hence uptake of Cu(II) by 
PVA is more. Due to the bulky size and f orbital contraction 
Gd(III) does not form a stable bond with the PVA polymer, 
while with the flexible polymer chain of PEI owing to its 
high co-ordination umber it is well entrapped. Sr(II) lacking 
d orbital does form stable complexes. The higher uptake of 
Sr(II) by PEI is due to the electrostatic force that may be 

existing. U(VI) having vacant f orbital shows good complex 
stability but owing to its bulky size the uptake is less.

Ultrafiltration study

The experiments were carried out to study the retention of 
metals by ultrafiltration on complexing it with polymers PEI, 
PVA. Effects of polymer to metal ratio variation on reten-
tion, were studied for different combination of metals and 
polymers. The performance of the membrane is a trade off 
between retention values and rejection ratios. Figure 4 shows 
the comparative retention of the metal polymer complexes 
and Fig. 5 shows the relative values of rejection ratios.

The retention trend was U(VI) ≫ Gd(III) > Cu(II) > Sr(II
). With PVA the Trend observed was U(VI) ≫ Cu(II) > Gd(I
II) > Sr(II). With both the polymers Sr(II) shows a very low 
retention value less than 10% indicating a weak metal poly-
mer bond. U(VI) on the other hand showed best performance 
with retention value exceeding 50% indicating a strong metal 
polymer bond. With PVA the retention of Cu(II) was more 
than Gd(III) due to better covalent bonding between Cu(II) 
and PVA forming a six membered ring.

Fig. 4   Comparative retention value of metals and polymers complex 
at polymer metal ratio of 10

Fig. 5   Rejection ratio for UF membrane at different L/M values

Fig. 6   EDXRF of Cu PHA resin loaded

Fig. 7   EDXRF of Gd PHA resin loaded
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It is observed that when the L/M is 10 we get the best 
rejection ratio. With the increase in concentration of metals 
the rejection ratio decreases.

Sorption of metals with PHA resin

The qm values (as Langmuir sorption is restricted to mon-
olayer formation) of Langmuir model is 125 mg/g of PHA 
for Gd(III) while 111 mg/g of PHA for U(VI), 91 mg/g for 
Cu (II) and 11.4 mg/g for Sr(II). The uptake comparison for 
the four metals is Gd > U > Cu > Sr [19].

Metal PHA resin characterisation through EDXRF and XRD

The EDXRF characterisation is shown in Figs. 6,7,8, and 9.
A Jordon Valley energy dispersive X-ray florescence 

spectrophotometer, equipped with a Rh-X-ray source and 
Si(Li) semiconductor detector was used for the study. The 
samples were placed on a cylindrical plastic device of about 
2 cm in height and 3 cm in internal diameter using an X-ray 
chemical resistant film. X-ray fluorescence (XRF) spec-
trometry is an instrumental technique used for multi-ele-
ment analysis. When loaded individually, blank resin didn’t 
show presence of any metal, whereas other metal laden resin 
showed corresponding concentration of U, Gd, Cu and Sr 
metal ions in their respective samples. XRD Result for metal 
PHA loaded resin is shown in Fig. 10 a–e.

The XRD patterns of unloaded resin is basically amor-
phous but at 2Ɵ = 25° showed a raised crest, attributed to 
cross-linking; otherwise it is amorphous in nature. The 
loaded metal complexes were showed the crystalline region 
that shifted from the original virgin resin, e.g.,, for copper 
(21°) followed by uranium (20°) and Gadolinium (23.5°). 
However, strontium does not show a peak, instead a broad 
region (20–25)° which is attributed to its non-complexing 
nature.

PH with Rad‑waste solution

Table 2 gives the feed concentration of the waste stream 
outlet concentration at various collection points for the PH 
on lab waste 1. Table 3 gives the results for Labwaste 2.

It is observed from Table 2 that the U concentration 
decreases by 97.9% during PIUF stage itself. A separation 
factor of 3.67 is observed for U(V) with respect to all other 
metals. Cu(II), Fe(III), Cr(III), concentration also reduces 
by 66.7%. The Al(III) concentration decreases by a signifi-
cant 75% and that of Ni(II) is reduced by 50%. An overall 
86.1% reduction in total metal concentrations observed in 
the first stage of hybridisation i.e. PIUF with a consider-
able reduction in metal content in the first primary stage of 
complexation itself. Sr(II) concentration is not decreased 
as Sr does not form strong covalent bonds with PEI like 
U(VI) and Cu(II). Mg(II) and Mn(II) also does not show a 
considerable decrease in concentration. Hence, the probable 
articulated fact can be envisioned as the complex cluster 
formed between metal and PEI is large enough to be sepa-
rated at the primary filtration stage. In the second stage of 
hybridisation, the metal polymer complex is passed through 
the UF membrane. In the third and the final stage i.e. the 
solid phase extraction stage, all metal ions have been reached 
beyond BDL level and the water becomes suitable for reuse. 
The water is qualified for safe disposal or recycling back to 
the main process purpose. To qualify for the said purpose 
the BDL value is less than 1 ppm for all metal ions. This can 
also be used in plant as water is free of metal ions and also 
the pH is near to neutral. This demonstration also shows 
that even with use of only a single polymer i.e. PEI the PH 
is effective in removing all metal ions.

The second lab waste source is same as that of the first 
lab waste but from a different lot and hence shows dif-
ferent concentration of the elements. The second Lab-
waste was treated first with PVA. PEI was found to be 
efficient in removing metal ions from waste solution. The 
second lab waste was treated with PVA polymer to study 
the efficiency of the polymer. 1000 ppm PVA was added 
as the complexing agent. It was observed that in the pri-
mary filter outlet i.e. after the primary filter 3% of U(VI) 
was retained. Metal retention at the primary outlet is low 
for all metals except for Al(III), Cr(III), Fe(II), Mn(II), 

Fig. 8   EDXRF of Sr-PHA resin loaded

Fig. 9   EDXRF blank resin
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Fig. 10   XRD characterisation plot for metal PHA loaded resin a resin b Cu(II) Loaded, c Sr(II) loaded d U(VI) loaded e Gd(III) loaded
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Table 2   Feed and outlet 
concentration of Lab-waste 1 
after treated with hybrid process

Elements Feed concen-
tration (ppm) 

Primary filter out let after 
addition of PEI (ppm)

2nd outlet 
(Through UF) 
(ppm)

Retention  % 
in PIUF

Resin 
outlet 
(ppm)

U 940 70 20 97.9 BDL
Al 4 2 1 75 BDL
Cr 3 2 1 66.7 BDL
Fe 18 8 6 66.7 BDL
Mg 120 108 105 12.5 BDL
Mn 2 2 2 0 BDL
Ni 2 1 1 50 BDL
Cu 24 12 8 66.7 BDL
Sr 14 13 13 7.14 BDL
Total metals 1127 218 157 86.1
pH 5 5.6 5.6 5.9

Table 3   Feed concentration and outlet concentrations for demonstration of PH on Lab-waste 2

Elements Feed 
Conc 
(ppm)

Primary filter out 
let after addition 
of PVA (ppm)

2nd outlet PVA 
complex through 
UF

Retention  % 3rd outlet 
PVA + PEI com-
plex through UF

4th outlet 
PVA + PEI PAA 
complex, thr. UF

Retention  % in 
PIUF

Final outlet 
resin bed 
outlet

U 670 650 350 47.7 10 10 97.1(98.5) BDL
Al 6 3 3 50 0.1 0.1 96.7(98.3) BDL
Cr 3 1 1 66.7 0.1 0.1 90(96.7) BDL
Fe 20 10 10 50 1 1 90(95) BDL
Mg 15 13 11 13.3 10 10 9(33.3) BDL
Mn 1 0.5 0.1 90 0.1 0.1 0(90) BDL
Ni 2 1 1 50 0.10 0.1 90(95) BDL
Cu 21 20 15 28.5 9 9 40(47.6) BDL
Sr 22 20 13 41 12 12 7.7(45.4) BDL
Total 760 718.5 404.1 46.8 42.4 42.4 89.5(94.4)
pH 5 5.1 5 7 6.8 5.4

Fig. 11   Photograph depicting 
the gradual change in colour at 
different stages of treatment
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Ni(II) around 50% reduction was observed. Earlier also 
we have observed these particular metals showed signifi-
cant retention. This is due to the good bonding nature of 
these metals due to their favourable electronic structure. 
Cu(II) and Sr(II) concentration did not show any reten-
tion. The significant drop in metal concentration observed 
in first case where PEI was added is due to the flocking 
nature of PEI polymer. The PVA complexed metal solu-
tion when passed through UF membrane the U concentra-
tion was almost decreased by 50 from the previous stage 
and Cu(II) showed a 29% retention. Other metals did not 
show any significant decrease in concentration and thus 
not retained in this stage. From the experimental data it 
can be postulated that the U(VI) complex with PVA can 
be arrested by UF membrane and not primary filter. While 
the other metals were arrested in the first stage itself. This 
may be due to formation of precipitate at the said pH with 
PVA with the other metals and not U(VI). Addition of PEI 
into the solution and then passing through UF removed 
almost 97% of U(VI), Al(III), Cr(III) and Fe(II). Cu(II) 
was removed by 40%. Sr(II) did not show much retention 
even with PEI due to non-availability of “d” orbital as it 
belongs to alkaline earth metal. At this stage of UF with 
a combined polymer we observed almost 95% removal of 
all combined metals. Addition of 200 ppm of PAA did not 
have any effect on any of the metals. The final polishing 
with resin bed removed almost all metals and the water 
obtained was suitable for domestic use and can be safely 
recycled to plant operation. PAA forms complex with 
metal ions. The fact that in the 4th stage no significant 
retention was observed is due to the fact that most of the 
metals were complexed in the previous stages.

The major disadvantage of UF is the clogging of the 
pores over a time. To regenerate a Uranium metal loaded 
UF membrane it was washed with 1 N HCl solution for 1 h. 
The activity was found to reduce by 95% ensuring through 
clean up of the membrane. On reusing also, we obtained a 
flux near to a fresh membrane.

Figure 11 shows the colour change of the waste before 
and at different stages of treatment. Clear solution at the 
equilibrium stage indicates complete removal of metal ions.

Conclusion

Two waste streams from U refining plant were used for the 
demonstration of the conceptualised PH. The demonstra-
tion found that the hybrid process is useful and can produce 
water of domestic use quality even when the starting concen-
tration of U(VI) in it was around 1000 ppm along with the 
presence of other metals in the transition, alkali earth metal 
and metals from various other groups in the periodic table 
were present. The study shows complexing initially with PEI 

removes the metal in the primary stage itself and hence the 
load on the subsequent UF stage and solid phase extrac-
tion stage decreases significantly. Nearly 100% removal of 
the metals from the aqueous waste was achieved using the 
hybrid process. The process is suitable at an pH of 5–6 and 
the fact that the pH can be easily adjusted with minimum 
quantity of NaOH is encouraging. The use of 3 stages dimin-
ishes the loading on any one stage and UF and resin bed can 
be used for longer life cycles. Hence reduction/minimisa-
tion in operation and waste immobilisation cost. Reusability 
of process-recovered treated water can be returned back to 
main stream metal extraction operation and thus ensuring 
water quality, recovery and reusability with safe handling 
by removal of chemical and radioactive metals, as well as 
wellness of heath monitoring and inspection. The regenera-
tion of metals and the life cycle study for the PH system 
and techno-economic viability are in the scope for future 
study. Secondary waste generated from the process will be 
the exhausted resin and filters which may be disposed of as 
very low-level radioactive waste as the arrested metal can be 
easily recovered before disposal. The volume of waste gen-
erated per year will be in the tune of 500 L, which includes 
spent resin and UF filter along with other accessories.
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