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a b s t r a c t
Vanadium is listed on candidate contaminant list (CCL), and regulatory guidelines exist for 
vanadium in some countries. Previous studies have examined vanadium adsorption in batch studies, 
but limited knowledge is available for column adsorption of vanadium. As communities are mov-
ing towards potable water reuse, column adsorption treatment is and will play a vital role in water 
reuse. This paper assesses vanadium removal by amino poly glycidyl methacrylate (amino-pGMA) 
in fixed-bed column adsorption. The effects of influent vanadium concentration (50–100  mg/L), 
feed flow rate (7.5–12.5  mL/min), and amino-pGMA bed height (2–4  cm) on the breakthrough 
characteristics of the adsorption system were determined. The highest bed capacity of 75.5  mg/g 
was obtained using 75 mg/L influent vanadium concentration, 2 cm bed height, and 7.5 mL/min flow 
rate. The adsorption data were fitted to three well-established fixed-bed adsorption models, namely: 
Thomas, Yoon–Nelson, and bed depth service time (BDST) models. The results were compared to 
the experimentally attained data, and they elicited an excellent fit for all the models (R2 ≥ 0.90) at 
different conditions. The findings suggested that amino-pGMA in fixed-bed column adsorption pres-
ents great potential in the removal of vanadium from water. The amino group on the adsorbent 
played a cardinal role in the adsorption of vanadium.
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1. Introduction

Vanadium is a rare earth element that has been used 
extensively as an alloy in steel, jet, and high-speed aircraft 
manufacturing. In addition, it is used as a superconducting 
magnet as a catalyst in the production of sulphuric acid, and 
vanadium been reported to be an efficient energy storage 
material [1–3]. With these developments, vanadium concen-
trations in water are on the rise. Also, vanadium is widely 

distributed in the earth’s crust and has been recognized as 
a potentially dangerous contaminant in the same class as 
mercury, lead, and arsenic [4]. Elevated concentrations have 
been linked to depression, a condition that can cause severe 
shifts in the mood, and excess mucus production. Vanadium 
can also be easily associated with common anions found 
in water such as sulfate and chlorides, and when related to 
such anions, the resulting compounds can lead to a series 
of health hazards such as dermatitis, flushing, hypotension, 
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abdominal pain, and as well as environmental risks such as 
eutrophication [5,6]. It is, therefore, essential to treat vana-
dium salt polluted wastewater before it is dumped into any 
water body.

Traditional methods of treating polluted water include 
physical, chemical, and biological techniques [7–10]. However, 
physical–chemical methods offer higher efficacy compared 
to biological processes. Ion-exchange and adsorption tech-
niques have become the most reliable choice when treating 
wastewater that contains metal ions [11,12]; the latter offers 
a competitive advantage during the implementation phase 
[13]. There are two main adsorption approaches, batch, and 
continuous-column adsorption. The batch adsorption pro-
cess is easy to operate. However, the batch process requires 
sedimentation and/or filtration chamber if continuous waste-
water treatment is to be implemented; this escalates the cost 
of the batch process. The continuous adsorption in a fixed-
bed column is often desired from an industrial point of view. 
A continuous packed bed does not run under equilibrium 
conditions like the batch process. In addition, in situ regen-
eration of adsorbent within the column reduces down-time 
and offers cost-benefit. To design and operate a fixed-bed 
adsorption process successfully, breakthrough curves under 
specified operating conditions must be predictable. The 
shape of the curve is influenced by individual transport 
process in the column and the adsorbent. Breakthrough 
determines bed height and the operating life span of the 
bed and regeneration time.

Numerous commercially produced adsorbents exist; 
however, the choice of an adsorbent depends on its avail-
ability, cost, and efficiency. Industrial adsorbents are clas-
sified based on oxygen-containing, carbon-based, and 
polymer-based adsorbent [14]. When adequately prepared, 
polymer-based adsorbents offer a competitive removal of 
metal ions under extreme environmental conditions. The 
use of polymers as an adsorbent is of great interest because 
of their efficiency and affordability [15]. Poly-glycidyl meth-
acrylate (pGMA) is a polymer matrix that has resistance to 
acids and alkali, and also has a strong porous structure [16]. 
The interpenetrating polymer network that makes pGMA 
can serve as a great polymeric adsorbent. Modification 
is necessary to enhance the polymer related adsorbents. 
Adsorbents modified with amine related groups have 
proven to be superior adsorbents during anion and/or anion 
removal from wastewater [7,15]. In this study, vanadium 
removal studies were carried out on laboratory-scale using a 
fixed-bed column with an amino-functionalized polymeric 
adsorbent resin. The effect of bed height, feed flow rate, 
and initial concentration on the adsorption process were 
examined. The breakthrough curves were analyzed using 
Thomas, Yoon–Nelson, and bed-depth service time model 
equations [17–19].

2. Materials and methods

2.1. Chemicals

Glycidyl methacrylate (GMA), ethylene glycol dimetah-
acrylate (EGDM), benzoyl peroxide (BPO), mercury(II) 
nitrate (Hg(NO3)2), gallic acid (H6C7O5), and ammonium 
metavanadate (NH4VO3) were obtained in their pure or ana-
lytical grade and were purchased from Merck Chemicals 

(Germany). Where necessary, the pH was adjusted with 
dilute HCl or NaOH solutions, and in all the experiments, 
distilled water was used.

2.2. Preparation and characterization of the adsorbent

The synthesis procedure of the amino-functional adsor-
bent involved two main steps, as illustrated in Fig. 1. The 
first step is the bulk polymerization of GMA, and the cross-
linker EGDM at a mole ratio of 20:1. Briefly, free radical 
crosslinking polymerization of GMA was carried out at 80°C, 
and 3 h using initiator BPO (1% mol of the total monomer 
amount) [16]. After the reaction period, the crosslinked poly-
mer was disintegrated in cold methanol and dried in a vac-
uum oven at 30°C. In the second step, the amination process 
of crosslinked pGMA was done by the epoxy ring-opening 
process. To get amino-functionalized pGMA resin, 1.0  g of 
pGMA, and 10.0 g dimethylformamide (DMF) were put into 
a reactor, and the reaction solution degassed for 15 min with 
nitrogen. 4.0  g of EDA was put into the reaction mixture, 
and the closed air-tight test-tube was submerged in a stable 
water bath at 80°C. Twelve hours later, this mixture prod-
uct was filtered and washed independently with ethanol 
three times, then by ethanol-water (50:50, w:w) solution, and 
finally with water. The product (amino-pGMA) was dried-
out at 30°C in an oven, milled and sieved through a size of 
350–500  mesh. Fig. 1 elicits the formation of amino-pGMA 
in the reactor. The amine value (AV) of the adsorbent was 
determined as reported in the literature [16] and found to be 
330 ± 5 mg KOH/g adsorbent (~6 mmol/g). An Agilent Cary 
630 (USA) model Fourier transform infrared spectroscopy 
(FTIR) was used to study the chemical characterization of 
the adsorbent before and after adsorption. A thermo-grav-
imetric analyzer (TGA) (model: LINSEIS STA PT1750) 
was used to analyze the thermal behavior of the products.

2.3. Dynamic adsorption studies and procedure

Continuous flow adsorption experiments were conducted 
in a glass tube with an internal diameter of 1.1 cm. A known 
amount of amino-functionalized polymers was sealed 
tight in a glass column with glass wool to yield the desired 
bed height of 2, 3, and 4 cm, equivalent to 2, 3, and 4 g of 
amino-pGMA, respectively. The column was then filled 
with glass beads to provide a uniform flow of the solution 
through the column. Vanadium solution of known con-
centrations (50, 75, and 100  mg/L) at pH 4.5 was pumped 
upward through the column at the desired flow rate (7.5, 10, 
and 12.5  mL/min) controlled by a peristaltic pump shown 
in Fig. 2. Vanadium solution at the outlet of the column 
was collected at regular time intervals (10  min), and the 
effluent concentration was measured using the gallic acid 
method as described by [1]. The experiments were carried 
out at 20°C  ±  2°C. Breakthrough curves show the loading 
behavior of the target contaminant to be removed from the 
solution in a fixed bed. It is commonly described in terms 
of adsorbed contaminant concentration (Cad) or as the ratio 
of effluent contaminant concentration to influent concentra-
tion (Ct/C0) as a function of time or volume of effluent for a 
given bed height [20]. The dynamic adsorption capacity of 
amino-pGMA was determined using Eqs. (1)–(3).
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where qe is the adsorption capacity (mg/g); Qtotal is the total 
amount of contaminant sorbed (mg); X is the mass of sor-
bent (g); Veff is the volume of the effluent; A is the area; te 
is the column exhaustion time (min); Q is the volumetric 
flow-rate (mL min−1); Cad is the adsorbed concentration (mg/L).

2.4. Mathematical models used in the study

In this study, three mathematical models were used, 
that is, Thomas, Yoon–Nelson, and bed-depth service time 
model [17–19]. Table 1 illustrates the models with following 
equations used to attain theoretical values for each condition.

3. Results and discussion

3.1. Characterization studies

The FTIR spectrum of the synthesized product is 
shown in Fig. 3. Fig. 3a shows pGMA spectrum with two 
characteristic peaks at 1,725 and 1,255  cm−1, which corre-
spond to C=O stretching and C–O–C stretching vibration of 

Fig. 1. Schematic illustration of the synthesis reaction [16].

Fig. 2. Fixed bed column design, internal diameter: 1.1  cm, column height: 2–4  cm, flowrate: 7.5–12.5  mL/min, and initial 
concentration: 50–100 mg/L.
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ester groups, respectively. Besides, three weak bands at 1,255; 
907; and 845  cm–1 correspond to the asymmetric stretching 
vibration of epoxide groups. After the amination reaction, 
Fig. 3b, the characteristic peak at 907  cm–1 for the epoxy 
group disappeared and depending on the incorporation of 
–NH2 groups into the structure, new peaks at 1,558; 1,151; 
and 963 cm–1 was observed. These peaks correspond to N–H 
bending, C–N stretching, and N–H wag vibrations, respec-
tively [16]. After the adsorption process, Fig. 3c, the spectrum 
of vanadium adsorbed resin showed new peaks, band shift, 
and intensity changes due to the adsorption. The formation 
of weak bands at 885 and 629 cm−1 also confirms the vana-
dium adsorption [1].

Fig. 4a elicits the thermal behavior of both pGMA and 
amino-pGMA; the presence of amino groups increases the 
thermal resistance pGMA [16]. Thermal oxidative degra-
dation behaviors of pGMA and amino-pGMA are quite 

different from each other due to the chemical structure 
change after the amination process. A detailed analysis of 
the DTG curves (Fig. 4b) depicts two sharp peaks at 245°C, 
and 315°C; these peaks are attributed to the degradation 
of the epoxy groups and ester bonds, respectively. These 
two peaks became clearly undetectable due to the open-
ing of the epoxy ring after the amination reaction. Since 
the presence of amino groups in the modified product 
will increase the adsorption of water, the peak of 140°C in 
the DTG curve is attributed to vaporization moisture.

3.2. Effect of influent vanadium concentration

The behavior of a fixed-bed column is best described 
with the concept of the breakthrough curve. Breakthrough 
appearance, time, and the shape of the breakthrough 
curve are the most significant traits for determining the 
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Model equations used to calculate the theoretical values
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C0: initial concentration (mg/L); Ct: concentration at time t (mg/L); Q: volumetric flow rate (mL min−1); KTH: Thomas rate constant (mL min−1 
mg−1); q0: uptake capacity (mg/g); x: the mass of adsorbent (g); KYN: Yoon–Nelson rate constant (L min−1); and τ: time required for 50% adsor-
bate breakthrough (min); KBDST: bed depth service time rate constant (L/mg/h); N0: bed capacity; T: time (min); F: linear flowrate (cm/h); Z: bed 
height (cm).
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Fig. 3. FTIR spectra of (a) crosslinked pGMA, (b) amino-pGMA, and (c) amino-pGMA resin after the adsorption process.
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operation and dynamic response of an adsorption column 
[21]. In addition, the most important parameters for a break-
through curve study are the bed height, flow rate, and ini-
tial influent concentration. Thus, in the following sections, 
the effects of these parameters on the shape of the break-
through curve and column performance were investigated. 
The effect of influent vanadium concentration (C0) on the 
removal performance of the fixed-bed column containing 
amino-pGMA was examined at vanadium concentration 
of C0 = 100, 75, and 50 mg/L. The experiments were carried 
out at a flow rate of 10 mL/min and a column bed height of 
3 cm. As elicited in Fig. 5, within 60 min, the value of Ct/C0 
reached 0.80, 0.50, and 0.15 when influent concentration was 
100, 75, and 50 mg/L, respectively. It is illustrated that the 
breakthrough time significantly decreased with increasing 
influent vanadium concentration. 

At lower influent vanadium concentrations, breakthrough 
curves were dispersed, and the breakthrough occurred 
slower compared to high concentration. Higher concentra-
tion accelerates the diffusion and mass transfer coefficient 
[13]. Similarly, at lower influent concentration, the column 
bed exhaustion time is high, owing to the lower concentra-
tion gradient. These results demonstrate that the change 
of concentration gradient affects the saturation rate and 
breakthrough time; in other words, the diffusion process 
is concentration-dependent. As the influent concentration 
increases, the vanadium loading rate increases, so does the 
driving force increase for mass transfer, which decreases 
the adsorption zone length. The adsorption capacity was 
expected to increase with increasing the influent concentra-
tion because a high concentration difference provides a high 
driving force for the adsorption process. However, in this 
study, the highest bed capacity of 50.2 mg/g was obtained 
using 50 mg/L influent vanadium concentration, 3 cm bed 
height, and 10 mL/min flow rate. The uptake capacity (qe) 
of the fixed-bed column decreased on increasing the influ-
ent concentration. Thus, the driving force for the adsorption 
is due to the concentration difference that exists between 
the amino-pGMA solid and liquid phase (adsorbent and 

adsorbate) [22]. Table 2 summarizes the dynamic adsorp-
tion parameters.

3.3. Effect of flow rate

The effect of flowrate, Q on dynamic adsorption of 
vanadium was investigated at Q  =  7.5, 10, and 12.5  mL/
min) while keeping constant bed height (3.0 cm) and influ-
ent vanadium concentration (75  mg/L). The breakthrough 
curves are represented in Fig. A1; it took less time to exhaust 
the column at a higher flow rate. The variation in the slope 
of the breakthrough and adsorption capacity curve can 
be explained on the basis of mass transfer fundamentals. 
As the flow rate increases, the residence time of the vana-
dium solution in the column bed decrease, inhibiting the dif-
fusion of the vanadium toward stationary phase and pores 

(a) (b)

Fig. 4. (a) TGA and (b) difference thermogravimetry (DTG) analysis of pGMA and amino-pGMA. Conditions: 20 mg dried sample, 
10°C/min heating rate, and dry air at 6 L/h flow rate.

Fig. 5. Breakthrough curves for vanadium adsorption on 
prepared amino-pGMA at different influent concentrations 
(bed height  =  3  cm, flow rate  =  10  mL/min, pH  =  4.5, and 
temperature = 22°C ± 1°C).
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of the adsorbent. Whereas, at a lower flow rate, vanadium 
solution gets sufficient time to diffuse into the pores [23,24].

3.4. Effect of amino-pGMA bed height

The experiments were carried out at bed height, Z = 2, 
3, and 4  cm while keeping the flowrate, and influent con-
centration constant. Fig. A2 elicits the effect of bed height 
on the dynamic adsorption of vanadium from solution. 
The breakthrough volume, time, and adsorption capacities 
are shown in Table 2. The results suggest that the column 
exhaustion time was slower on increasing the bed height 
from 2 to 4 cm. When the bed height is high, the diffusion 
of the vanadium toward solid-phase dominates the adsorp-
tion, and vanadium gets more time to diffuse towards this 
phase [22]. As a result, the treated volume (Ve) before col-
umn exhaustion also increased. The uptake capacity of 
the adsorbent increased on increasing the bed height due 
to the residential time increase of the solution inside the 
column bed. Thus, it can be concluded from these results 
that increasing bed height, decreasing the influent con-
centration, and flow rate influence the column adsorption 
capacity positively. However, as elicited in Table 2, the high-
est adsorption capacity of 75.5  mg/g was observed under 
Z = 3 cm, C0 = 75 mg/L, and Q = 7.5 mL/min; thus, it is critical 
to optimize the bed operating parameters. The adsorption 
of vanadium on activated carbon modified with iron was 
313 mg/g [25], while coal elicted an adsorption capacity of 
60 mg/g [1]. Humic acid showed an adsorption capacity of 
19.2  mg/g [26]; therefore, amino-pGMA has a competitive 
adsorption capacity of vanadium.

3.5. Dynamic bed optimization models

A proper design of a column adsorption process needs 
to have a prediction of the concentration, time profile, or 
breakthrough curve for outflow [9]. To study the fixed-
bed column behavior Yoon–Nelson and Thomas were uti-
lized to approximate breakthrough curves. The bed depth 
service time (BDST) model was also used to predict the 
breakthrough curves for different experiments at different 
conditions.

3.5.1. Thomas model

The experimental data obtained from dynamic column 
adsorption were analyzed to evaluate the kinetic uptake 
of vanadium by amino-pGMA. Experimental data were 
fitted by the Thomas model. The Thomas model assumes 
that the adsorption followed the Langmuir isotherm of 
adsorption-desorption, and axial dispersion does not occur 
in the column [17]. Using the equations illustrated in Table 
1, the breakthrough curves were theoretically obtained and 
then paralleled against the experimentally attained break-
through to establish the significance levels of the model. 
The Thomas rate constant (KTh), uptake capacity (qe), and 
coefficient correlation (R2) were found by applying linear 
regression; results are summarized in Table 3. The R2 > 0.90 
at all tested conditions, thus, the correlation between Ct/C0 
and t in the Thomas model is high. As the initial vanadium 
concentration increased, the KTh increased; therefore, the 
driving force during adsorption is concentration difference. 
Mass transfer is a common phenomenon often present in 

Table 2
Parameters influencing the dynamic adsorption of vanadium on amino-pGMA

Conditions Variable Veff (mL) te (min) qe (mg/g)

C0 (mg/L) at Q = 10 mL/min  
and Z = 3 cm

100.0 1,650.0 165.0 31.863
75.0 2,350.0 235.0 31.925
50.0 3,450.0 345.0 50.188

Q (mL/min) at C0 = 75 mg/L,  
Z = 3 cm

7.5.0 2,737.0 365.0 75.502
10.0 2,350.0 235.0 31.925
12.5 1,375.0 110.0 29.613

Bed height, Z (cm) at  
C0 = 50 mg/L, Q = 10 mL/min

2.0 2,600.0 260.0 45.826
3.0 3,450.0 345.0 50.188
4.0 4,800 480 56.901

Table 3
Thomas model parameters at different operating conditions using linear regression analysis

C0 (mg/L) Q (mL/min) Z (cm) KTH × 102- (mL/min/mg) qe (mg/g) R2

100 10.0 3.0 32.0 22.50 0.93
75 10.0 3.0 33.0 25.16 0.97
50 10.0 3.0 32.0 43.97 0.98
75 7.5 3.0 24.0 53.03 0.95
75 12.5 3.0 81.0 17.66 0.97
50 10.0 2.0 42.0 43.04 0.93
50 10.0 4.0 22.0 46.67 0.99
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the adsorption process, and it influences the adsorption 
process, but Thomas model is only based on the reversible 
reaction kinetics. Therefore, the design of adsorption system 
based entirely on the Thomas model may be misleading. In 
addition, Yoon–Nelson model was also applied to analyze 
the breakthrough performance of a fixed-bed column.

An elementary theoretical model made by Yoon–Nelson 
was applied to observe the breakthrough behavior of 
vanadium on the amino-functionalized polymer. The Yoon–
Nelson model assumes that the rate of decrease of adsorp-
tion probability for each adsorbate molecule is proportional 
to the probability of adsorbate adsorption and adsorbate 
breakthrough on the adsorbent [18]. KYN and τ in the model 
represent rate constant and time required for 50% vanadium 
breakthrough, respectively.

3.5.2. Yoon–Nelson model

The experimental breakthrough vs. theoretically calcu-
lated breakthrough using Yoon–Nelson model equation fits 
better than the Thomas model. Using Yoon–Nelson model 
it was observed at higher flow rates and concentrations, the 
rate of adsorption increased and the time needed for 50% of 
the column to be exhausted, KYN increased, and τ decreased. 
However, when the bed depth increased, τ increased while 
the values of KYN lowered. The breakthrough curves at dif-
ferent operational conditions align almost perfectly with 
the experimentally attained data. The high coefficient of 

correlation further asserts the validity of the kinetic adsorp-
tion process described by this model, and the achieved 
results are experimentally justified. The calculated KYN and 
τ are shown in Table 4.

3.5.3. BDST model

The performance of the practical scale column bed can 
be predicted by analyzing the data obtained from the labo-
ratory-scale column bed. For this purpose, the BDST model 
has been widely used. The experimental data obtained at 
different flow rates were employed to BDST model to eval-
uate how the column design changes with different bed 
height. The BDST plots are shown in Fig. A3 and elicits 
linearity with the experimental data. The KOBDST is the rate of 
vanadium transfer from the liquid phase to the solid phase of 
the column bed; KOBDST decreased with increasing bed depth, 
as shown in Table 5. Therefore, short critical bed height is 
required for slow flow rate whereas, for high flow rate, the 
adsorption system requires longer critical BDST.

The bed capacity N0 (mg/L) and rate constant KOBDST 
(L/mg/min) from BDST model were obtained by plotting 
the service time t (min) vs. bed depth Z (cm) at Ci/C0 as 
seen in Fig. A3. The service time experimental (t) and pre-
dicted service time (tp) for the varying bed depth (2, 3, and 
4 cm), flow rate, and influent concentration were calculated 
in Table 5. The values of the service time predicted by the 
BDST model are not a perfect fit but in good agreement 

Table 4
Yoon–Nelson model parameters at different operational conditions

C0 (mg/L) Q (mL/min) Z (cm) KYN (×10–5) 1/min τ (min) R2

100 10 3 32 45 0.94
75 10 3 25 67 0.98
50 10 3 16 175 0.99
75 7.5 3 17 200 0.96
75 12.5 3 61 38 0.98
50 10 2 24 118 0.99
50 10 4 12 270 0.99

Table 5
BDST model parameters at different operational conditions

Bed depth (cm) Z = 4 Z = 3 Z = 2

KOBDST 0.00026 0.000325 0.000478
N0 10,733.30 9,275.52 9,476.38
R2 0.9885 0.9958 0.9527
Flow rate (mL/min) 7.5 10.0 12.5

KOBDST 0.000207 0.000344 0.000889
N0 12,223.92 5,348.65 3,801.55
R2 0.9866 0.9784 0.9786
C0 (mg/L) 100 75 50
KOBDST 0.00344 0.0003438 0.000325
N0 5,025.79 5,348.65 9,277.60
R2 0.9387 0.9784 0.988



287S. Aydın et al. / Desalination and Water Treatment 209 (2021) 280–288

with the experimental values of service time. Hence, this 
model could serve as a baseline in predicting critical bed 
depth required to remove vanadium with amino-pGMA.

4. Conclusion

The increased application of vanadium in both indus-
tries and the medical sector means increased exposure to 
humans and the environment. We investigated the removal 
of vanadium from water using amino-functionalized poly-
meric adsorbent resins in a fixed bed columns. The effects 
of bed height, feed flow rate, and initial concentration on 
the adsorption process were examined. The column was 
subjected to operate under various initial concentrations 
(C0 = 100, 75, and 50 mg/L), bed depth (Z = 2, 3, and 4 cm), 
and feed flowrate (Q = 7.5, 10, and 12.5 mL/min). The high-
est adsorption capacity (qe) of 75.5  mg/g was attained at 
C0  =  75  mg/L, Z  =  3  cm, and Q  =  7.5  mL/min. The column 
was further optimized using Thomas, Yoon–Nelson, and 
bed-depth service time model equations to understand the 
breakthrough behavior and adsorption kinetics of ami-
no-pGMA. The behaviors of the breakthrough curves were 
fitted best by Yoon–Nelson model at different conditions. 
The BDST model, as well as the Thomas model, elicited 
good comparison with the experimental data. FTIR showed 
a successful formation of amino-pGMA. The adsorption 
of vanadium was through NH2–V–OH bond formation.
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Fig. A1. Dynamic adsorption of vanadium on amino-pGMA at 
different flowrates (bed height = 3 cm, C0 = 75 mL/min, pH = 4.5, 
and temperature = 22°C ± 1°C).

Fig. A2. Effect of bed height on the breakthrough curve.

Fig. A3. BDST parameter graph at different bed height.
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