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Abstract: Effective removal of toxic Cd(II) ions from 

aqueous solution using nano magnetite loaded polyvinyl 

alcohol-alginate hydrogel spheres (PVA-ANM) has been 

explored by column adsorption system. Co-polymer was 

magnetized in-situ and characterized by TEM, SEM, XRD, 

FTIR and VSM analysis. Effect of bed height, feed flow-

rate and inlet Cd2+ ions concentration on breakthrough 

characteristics of sorption were examined in fixed-bed 

column. The Thomas, Yoon-Nelson and BDST empirical 

models are fitted well with the data obtained by 

experiments and constants were evaluated. Suitability of 

adsorbent tested with the Cd ions containing water samples 

collected from various field. This adsorbent revealed ≥ 98 

% removal of Cd2+ ions and could be regenerated 

efficiently and reused. 

Keywords:  Cd(II) ions, nano magnetite, fixed-bed column, 

adsorption kinetics, polyvinyl alcohol-alginate  

I. INTRODUCTION 

Water contamination by heavy metals such as As, Cd, 

Cu, Cr, Fe, Pb, Hg, Ni and Zn are serious environmental 

concern globally[1, 2]. However, Cd
2+

, Zn
2+

, Fe
2+ 

ions 

are essential micro-nutrients for living organisms, but 

when it present in excess, they can become extremely 

toxic. These metals are not biodegradable and tend to 

accumulate in living organisms causing diseases and 

disorders in its functioning.   Cadmium is listed as one 

of the 126 priority toxicants by USEPA and as a known 

carcinogen by International Agency for Research on 

Cancer. Science Asia 2004 also quoted that Cd(II) 

pollution has induced extremely adverse effects on 

plants and animals. Chronic dust or fume exposure can 

give permanently damage to the lungs, producing 

shortness of breath and emphysema [4, 5]. The 

maximum allowable limit for Cd
2+

 ions concentration 

set 0.01 mg/L by the WHO [6]. Industries like 

electroplating, Ni–Cd batteries, pigments, plastics, 

pesticides, dyes, textile and mining, waste water contain 

undesired amounts of Cd
2+

 ions. 

Cadmium poisoning may be acute by ingestion/ 

inhalation, in chronic exposure and it accumulates in 

body, particularly the kidney and liver, causing kidney 

damage, renal disorder, bone fracture, high blood 

pressure, destruction of RBC, diarrhea, infertility, 

psychological disorders, damage to central nervous 

system, immune system, cancer and muscle cramps etc. 

Hence it becomes necessary to remove toxic Cd(II)
 
ions 

from municipal and industrial effluents to protect plants, 

animals and human beings from their adverse effects 

before discharging into natural water bodies [4,7]. 

Adsorption is one of promising removal process which 

extensively applied in the field of water remediation 

among numerous reported methods like filtration, 

solvent extraction, ion-exchange, membrane-process, 

electrolysis etc [8–14]. Several adsorbents including 

agricultural waste, industrial by-products natural and 

synthetic polymers [15-23] activated carbon,  metal 

hydroxide, hydrogel, nano magnetite loaded synthetic 

hydrogel etc have been applied for Cd(II) ions removal 

[24-29]. Unfortunately most of these adsorbent have 

drawbacks like high capital and operation cost, disposal 

of sludge and are inadequate when allowable 

concentrations of metal ions are very low. Hence 

systematic treatment strategies which are simple, 

consistent and involving local resources of Cd(II) ions 

removal from wastewater necessitate for substantial 

environmental significance. 

In present research work a novel adsorbent polyvinyl 

alcohol and alginate bound nano magnetite hydrogel 

spheres (PVA-ANM) have been reported for Cd
+2

 ions 

uptake from water. The blend technique sorption and 

magnetic separation involved in removal process. 

Regeneration of adsorbent and recovery of metal ions 

are very advantageous and provoking.  

II. EXPERIMENTAL 

2.1 Materials:- The Cd(NO3)2 4H2O, sodium alginate, 

polyvinyl alcohol, NaOH pellets were purchased from 

Loba Chemie Mumbai, India. FeCl2 4H2O, anhydrous 

FeCl3 and HCl were purchased from Molychem, 

Mumbai, India.  Triple distilled water was used 

throughout the experiments. 

2.2 Synthesis of PVA-ANM microspheres 

The adsorbent were prepared in four steps:- 
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The first step involves the preparation of viscous gel of 

polyvinyl alcohol (PVA) by dissolving at 90
o
C in hot 

triple distilled water and was mixed thoroughly with the 

sodium alginate to get 1:1 ratio, stirred for an hour for 

homogeneity and kept aside to obtain a bubble free 

solution.  

In second step the hydrogel spheres were prepared by 

drop wise addition of the above mixture in CaCl2 

solution (0.5M) for cross linking. The hydrogel spheres 

so produced were allowed to harden by leaving them in 

solution for 24h then filtered and washed several times 

with distilled water.  

In the third step, these hydrogel spheres were 

equilibrated in an aqueous solution of ferrous chloride 

tetrahydrate and ferric chloride in 1:3ratio for 24h. 

In fourth step for insitu magnetization these iron-oxide 

loaded hydrogel spheres were added into alkaline 

solution and kept for 2 h, so that Fe
2+

/Fe
3+

 ions get 

precipitated into nano iron-oxide within PVA-Alginate 

matrix. These PVA-ANM hydrogel spheres were then 

thoroughly washed several times and stored for studies.  

2.3 Preparation of Stock Solution:- Stock solution of 

Cd (II) was prepared by dissolving 2.640 g of Cd 

(NO3)2.4H2O in 1000 mL distilled water. Working 

standards was freshly prepared by appropriate dilution 

of stock in each experiment. Triple distilled water was 

used throughout experiment. 

2.4 Characterization:-  Adsorbent PVA-ANM was 

characterized by XRD, FTIR, SEM, TEM and VSM 

analysis 

2.5 Column Adsorption Study:- Fixed-bed adsorption 

experiments were performed in a Pyrex glass column (1 

cm diameter and 15 cm height) at pH 4 and temperature 

25(±2) ℃. Column was packed with various bed heights 

of PVA-ANM adsorbent on a glass-wool support. A 

known concentration of Cd
+2

 ions solutions was allowed 

to pass through bed at a constant flow-rate 1 mL/min in 

a continuous down flow manner.  

The Cd solution was then collected at various time 

intervals until the column reached exhaustion. 

Concentration of Cd (II) ions was assessed by AAS 

(Atomic Adsorption Spectrophotometer). 

2.6 Analysis of Column Parameters:- The efficiency 

and nature of Cd
2+

 ions adsorption was calculated by the 

breakthrough curves of fixed-bed column. The 

maximum removal capability qtotal for a given flow rate 

and inlet Cd
+2

 ions concentration is determined by Eq. 1. 

qtotal =
QA

1000
=

Q

1000
                 1  

where  qtotal , Q  and A are the total flow time (min), 

flow-rate (mL/min) and area under breakthrough curve, 

respectively. The Cd
+2

 ions removal capacity qeq (mg/g) 

is defined as qtotal per g of sorbent (m) at the end of total 

flow time is evaluated by Eq. 2 

qeq =  
qtotal

m
                                   2  

The total amount of adsorbate passed through column 

(mtotal) and maximum % removal are evaluated by Eq. 3 

and 4 

m
total = 

C i Qttotal
1000

                               3  

% Removal =
qtotal

m total
× 100                 (4) 

2.7 Modeling Dynamics of Column 

The adsorption performance of Cd(II) ions onto PVA-

ANM bed was examined by Thomas, Yoon-Nelson and 

BDST empirical models using Eq. 5,  6 and 7, 

respectively.  

ln  
C i

Ct
− 1 =

KT qo M

Q
−

KT CI

Q
 V      (5) 

where Ct and Ci is effluent and influent solute 

concentration (mg/L) respectively, Q is flow-rate 

(mL/min), qo is adsorption capacity (mg/g) KT is Thomas 

rate constant(mL/min. mg) and V is through put volume 

(mL). 

ln
Ct

C i−Ct
= KYN  t − τ. KYN              (6) 

where KYT (L/min) is Yoon-Nelson rate constant,τ  is 

time required for 50% adsorbate breakthrough (min) and 

t is sampling time. 

t =  
N0

C i
Z −

1

Ka C i
ln  C i

C t
− 1          (7) 

where Ka is rate constant (L/mg. min) and N0 is column 

capacity (mg/L) 

2.8 Column Desorption Study 

Column desorption was examined by using 0.1M HCl 

solution at temperature 25℃ with flow-rate 1 mL/min 

and 10 cm bed height for 360 min. The regenerated 

columns were reactivated by washing bed thoroughly 

with hot distilled water and may be reused for further 

experiments.   

III. RESULTS AND DISCUSSION 

3.1 Characterization of PVA-ANM   

SEM Analysis:-Scanning electron microscopy (SEM) 

images of (a) bare & (b) Cd(II) ions adsorbed PVA-

ANM are depicted in Fig-1 heterogeneous surface has 

porous type of physiology; clusters of iron-oxide with 

vitiate ranging in width to as large as 50 μ m.      

Morphology and surface texture definitely accounts for 

the valuable adsorbing property of adsorbent [30].  
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Fig: 1 SEM Images of PVA-ANM 

FT-IR Analysis:-By comparing FT-IR vibrancy signals 

of PVA-ANM of (a) bare and (b) Cd(II) loaded (Fig 2). 

Following conclusions could be drawn; Slight shifting of 

–OH stretching band from 3416 to 3409 cm
-1 

suggests 

the attachment of adsorbate Cd
2+ 

ions, shifting of C=O 

asymmetrical stretching band from 1420 to 1415 cm
-1

 is 

due to the association of Cd (II) ions on -COO group. 

Shifting of C-O band to the lower frequency from 1032 

to 1025 cm
-1

 can be attributed to association of 

adsorbate. Slight shift of Fe-O band from 529 to 518cm
-1

 

shows uptake of some Cd(II) ions on nano iron-oxide 

surface. 

 

Fig: 2 FT-IR Pattern PVA-ANM 

XRD Analysis:-The XRD pattern of PVA-ANM (Fig 3) 

exhibited five characteristics peaks (2θ = 26.93, 31.89, 

38.87, 41.23 and 45.55). Position and relative intensities 

of all diffraction peaks in match well with JCPDS file 

No. 89-5984 for magnetite (Fe304) and reveal that 

prominent phase formed is nano magnetite Fe304 with 

cubic structure, 36.93nm crystallite size by following 

reaction:- 

2FeCl3 + FeCl2 + 8NH4OH Fe3O4 + 8NH4Cl + H20 

 

Fig: 3 XRD Pattern of PVA-ANM 

VSM Analysis: Vibrating Sample Magnetometer 

followed Longevin function with co-reactivity and zero 

reflection (Fig 4) which attributes that magnetite 

particles of nano iron-oxide has superparamagnetism 

with magnetization value 0.2774 amu/g which is 

proportionate to reported value of magnetization 

particles that make them responsive to magnetic field 

and possesses enough magnetic response to meet the 

need of magnetic separation and solid-liquid efficient 

segregation. 

 

Fig: 4 VSM Curve of PVA-ANM 

TEM Analysis:- TEM image (Fig 5) depicted almost 

cubic iron-oxide particles with an average size of 1-7 

nm. The majority of particles were scattered, few of 

them showing aggregates indicate stabilization of the 

nanoparticles.  

 

Fig: 5 TEM Image of Nano Iron-Oxide 

3.2 Column Parameters of Cd
+2

 uptakes  

Effect of Bed Height:- Adsorption breakthrough curves 

at different bed heights ranging from 2.5 to 10 cm at 1 

mL/min flow-rate and 05 mg/L Cd
+2

 ions concentration 

revealed that throughput volume and column exhaustion 

time increases with increasing in bed height and 

adsorption capacity also increases due to availability of 

more binding site for Cd
+2

 ions uptake by adsorbent (Fig 

6) values are given in Table 1.  

 

Fig: 8 Breakthrough at various Bed height 
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Effect of Flow-Rate:- Adsorption breakthrough curves 

at different flow rates i.e. 1, 2 and 3 mL/min at 05 mg/L 

Cd+2 ions conc. and 10 cm bed height revealed that 

column performed well at flow-rate 1 mL/min (Fig 7). 

By the increase in flow-rate from 1-3 mL/min, 

breakthrough curves become steeper and reach 

exhaustion rapidly due to decrease in contact time 

between adsorbent and adsorbate [31]. Results given in 

Table-1 

 

Fig: 7 Breakthrough at different flow- rate 

Effect of Cd (II) Ions Concentration:- 

Adsorption breakthrough curves at different Cd+2 ions 

concentrations of 1, 2 and 5 mg/L at flow-rate 1 mL/min 

and 10 cm bed height Fig 8 revealed that breakthrough 

time decreases with increasing concentration of Cd+2 

ions because binding sites on sorbent surface, saturated 

more rapidly at higher concentration resulted as early 

breakthrough time [32], values given in Table 1. 

 

Fig: 8 Breakthrough at various Cd
+2

 Conc. 

Table: 1 Results of breakthrough curve at different bed heights, Flow Rates and Cd
2+

 Concentration for Cd
2+

 

adsorption onto PVA-ANM microspheres at pH 4, Temp. 25(±2) ℃ 

S. 

No. 

Bed 

Height 

cm 

Flow 

Rate 

mL/min 

Cd
+2

 

Conc. 

mg/L 

ttotal 

min 
qtotal mtotal 

mg/L 
qeq 

mg/g 
% 

Removal 

1 2.5 1 5 115 0.452 0.575 0.377 78.61 

2 5 1 5 180 0.773 0.900 0.594 85.89 

3 10 1 5 290 1.433 1.450 0.247 98.83 

4 10 2 5 220 1.964 2.20 0.373 89.27 

5 10 3 5 170 1.976 2.550 0.432 77.49 

6 10 1 1 340 0.288 0.340 0.576 84.71 

7 10 1 3 310 0.851 0.930 0.158 91.50 

 

3.3 Modeling Dynamics of Column 

Application of Thomas Kinetic Model 

Thomas rate constant KT and maximum uptake  Capacity 

qo were determine by column data by Eq. 5 and 

evaluated from slope and intercept of plot   ln  
C i

Ct
−

1 vs. V  as shown in Fig 9 (a), (b) and (c). The KT 

increased with flow rate and reverse trend has shown in 

bed height and inlet Cd ions concentration. Column 

sorption capacity qo increased with increased in 

concentration and flow-rate of adsorbate but decreased 

with increased in bed height. Results showed that 

experimental data well fitted in Thomas model [33, 34] 

Table 2. 

 

Fig: 9 (a) Thomas Kinetic Model at Various Bed 

Heights 2.5, 5 and 10 cm 
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Fig: 9(b) Thomas kinetic model for different flow 

rate 1, 2 and 3 ml/min 

 

Fig: 9(c) Thomas Kinetic Model for Various 

Concentrations of Cd
2+

 1, 3 and 5 mg/L 

Table: 2 Thomas Model Parameters of Cd
2+

 Ions 

Adsorption by PVA-ANM 

 

Factors 

Thomas Model Parameters 

KT 

mL/min.mg 
qo 

mg/g 
R

2
 

Bed Height  

(cm) 

      2.5 

      5.0 

      10 

 

 

4.7 

3.1 

2.5 

 

 

2.635 

2.281 

2.895 

 

 

0.982 

0.976 

0.911 

Flow Rate  

(mL/min) 

      1 

      2 

      3 

 

 

2.5 

1.1 

0.8 

 

 

2.895 

2.05 

1.475 

 

 

0.911 

0.970 

0.980 

Cd
2+

 ions 

Conc. (mg/L) 

      1 

      3 

      5 

 

 

1.2 

1.7 

2.5 

 

 

1.51 

2.984 

2.895 

 

 

0.934 

0.922 

0.911 

Application of Yoon-Nelson Model 

Yoon-Nelson model was applied to investigate the 

breakthrough behavior of column by Eq. 6. KYN and τ 

were determined from plot between ln Ct/(Ci-Ct ) vs. t, 

as shown in Fig 10 (a), (b) and (c).  KYN increased with 

increased in flow-rate and concentration and decreased 

with increased in bed height, while τ increased with bed 

height but reverse trend obtained in flow-rate and 

concentration. Y-N model fitted well to experimental 

parameters. Similar trends obtained in some reported 

methods [35].  

Values are shown in Table 3. 

 

Fig: 10 (a) Yoon-Nelson Kinetic Model at Various Bed 

Heights 2.5, 5 and 10 cm 

 

Fig: 10 (b) Yoon-Nelson Kinetic Model at Different 

Flow Rate 1, 2 and 3 mL/min 

 

Fig: 10(c) Yoon-Nelson Model at Various Concentration 

of Cd
2+
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Table: 3 Yoon-Nelson Model Parameters of Cd
2+

 ions 

adsorption by PVA-ANM 

 

 

Factors 

Yoon Nelson Model Parameters 

KYN 

min
-1

 
𝛕 

min 

qo 

mg/g 
R

2
 

Bed Height  

(cm) 

2.5 

5 

10 

 

 

0.048 

0.032 

0.023 

 

 

57.45 

74.36 

126.15 

 

 

2.662 

2.293 

2.874 

 

 

]0.984 

0.974 

0.924 

Flow Rate  

(mL/min) 

1 

2 

3 

 

 

0.023 

0.024 

0.025 

 

 

126.15 

83.55 

57.56 

 

 

2.874 

2.016 

1.458 

 

 

0.924 

0.968 

0.983 

Cd
2+

 Conc. 

(mg/L) 

1 

3 

5 

 

 

0.012 

0.018 

0.023 

 

 

125.25 

169.30 

126.15 

 

 

1.512 

3.022 

2.874 

 

 

0.938 

0.932 

0.924 

Application of BDST Model 

Bed Depth Service Time model (BDST) stated a 

relationship between bed height (Z) and service time (t). 

Kinetic rate constant Ka and bed sorption capacity No 

evaluated by the plot between bed heights vs. time by 

Eq.7. A straight line with high R
2
 value as shown in Fig 

11 but is not passing through origin ascribed that the 

uptake of Cd
+2

 ions from aqueous medium involves 

more than one rate regulating steps [36]. As the bed 

height increases the resident duration of liquid inside 

bed also increases. Results indicated validity of BDST 

model for present system. Results are given in Table 4.    

 

Fig: 11 The BDST Kinetic Model 

Table 4: BDST Model Parameters  

 Cd
2+

 ions 

Conc. 

mg/L 

      05 

BDST Model Parameters 

Ka  
L/mg. min 

No  
mg/g 

R
2
 

0.0149 231.4 0.998 

Mechanism of Cd
+2

 ions Adsorption 

Binding mechanism of Cd(II) ions onto PVA-ANM 

takes place in following manner as shown in Fig 13. 

Cd+2 ions attached through adsorbent by electro-static 

interaction (a) carboxylic and hydroxyl group of cross-

linked alginate, interact with Cd+2 (b) oxy-late group of 

co-polymeric moiety coordination with Cd+2 (c) 

electron rich hydroxyl group of polyvinyl alcohol 

attached with Cd+2 and (d) In addition electron rich 

oxygen of Fe3O4 nano particles may also co-ordinate 

with Cd(II) ions. 

 

3.4 Column Regeneration 

Column with a bed height of 10 cm and feed flow-rate 1 

mL/min saturated with 05 mg/L concentration of Cd(II) 

ions was selected for desorption study. Desorption was 

carried out by 0.1 M HCl in the down flow manner with 

1mL/min flow rate at room temperature. Cd (II) ions 

concentration was detected after various time intervals. 

Results of desorption studies are shown in Fig 12 which 

revealed that >99% recovery of adsorbate in 350 min. 

Reported nano magnetite adsorbent showed great 

resilience on sorption capacity after five regeneration 

cycles. This ascribed that adsorbent could be repeatedly 

subjected to Cd
+2 

ions treatment without losing its initial 

uptake efficiency. 

Treatment of industrial effluent 

The potential of adsorbent tested on sample of industrial 

effluent containing 02.35 mg/L Cd
+2

 ions by PVA-ANM 

hydrogel spheres based on experimental results. The 

adsorbent revealed 97.58% removal of Cd (II) ions.   

 

Fig. 12 Desorption of Cd
+2 

Exhausted PVA-ANM 

Column by 0.1 M HCl 
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Fixed-bed column studies of Cd
+2

 ions adsorption by 

PVA-ANM were performed with various effects like 

flow-rate, inlet Cd(II) ions concentration and bed height. 

Breakthrough curves revealed that equilibrium Cd
+2 

ions 

adsorption increased with increased in bed height and 

concentration and decreased with increased in flow-rate. 

Predicted data fitted well with Thomas, Yoon-Nelson 

and BDST models. Fixed bed column could be scaled-

up for effective sorption by using appropriate parameters 

of column. Blend mechanics electrostatic interaction 

with magnetic separation involved in uptake process. 

Adsorbent demonstrated excellent adsorption capacity 

(231.4 mg/L) for the removal of Cd(II) ions over a broad 

range of experimental conditions as well as from 

effluent sample at room temperature.     Reported 

PVA-ANM hydrogel spheres could be of high potential 

as low-cost, ecofriendly adsorbent for water 

remediation. Regeneration with resilience of adsorbent 

in multiple cycles of usage proved to be a high 

efficiency adsorbent. Hence it can be used for 

commercial applications. 
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