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ABSTRACT: In the present study, trypsin-immobilized silica

was employed for the removal of V(IV) and V(V) ions from

water. The synthesized sorbent was first characterized and then

investigated for the removal of V(IV) and V(V) under various

experimental conditions. The adsorption performance of the

sorbent was tested as a function of pH, sorbent amount, initial

vanadium concentration, contact time, and temperature. The

sorption process was then investigated, both from a kinetic

perspective and also in terms of isotherm models. The Langmuir

adsorption isotherm was the best model to describe the sorption

process. Sorption thermodynamics were spontaneous and

exothermic. The proposed method was successfully applied to

real samples for the removal of V(IV)and V(V) with sufficient

accuracy and precision. Water Environ. Res., 90, 2056 (2018).
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Introduction
Vanadium is widely distributed in the earth’s crust and has

been recognized as a potentially dangerous pollutant in the same

class as mercury, lead, and arsenic (Imtiaz et al., 2015; Lazaridis

et al., 2003; Padilla-Rodrı́guez et al., 2015). It exists in the

environment both as tetravalent [V(IV)] and pentavalent [V(V)]

forms, of which the pentavalent form is more toxic (Patel et al.,

1990). V(V) is the predominant stable species of this element in

oxidative conditions; however, in an anoxic medium, V(IV)

occurs in significant amounts. Vanadium removal from water

has become an important environmental concern in the last few

decades as its compounds are of particular interest in many

applications such as glass, textile, ceramic, photography,

metallurgy, rubber, and plants producing industrial inorganic

chemicals and pigments (Bhatnagar et al., 2008). In terms of

environmental considerations, vanadium is greatly important,

because it is mainly emitted into the environment from

industrial sources, especially oil refineries and power plants

using vanadium-rich fuel oil and coal. Also, phosphoric acid

production using phosphorous ores results in the extraction of

large amounts of vanadate ions from the ores, which make the

acid unsuitable for use in food processing because of its toxicity

(Lazaridis et al., 2003). Such sources can mobilize appreciable

amounts of vanadium and increase the natural background level

(Pyrzynska et al., 2004).

Excess amounts of vanadium in humans can cause anemia,

coughing, emaciation, irritation of mucous membrane, gastro-

intestinal disturbances, and bronchopneumonia, as well as

increasing the risk of lung cancer (Moskalyk and Alfantazi,

2003). Although vanadium acts as a growth-promoting factor in

plants, a high concentration of vanadium reduces plant

productivity. Vanadium is presently registered in the Contam-

inant Candidate List (CCL) and it will possibly be included as a

regulated contaminant in the near future by the United States

Environmental Protection Agency (U.S. EPA, 2009). Therefore,

its removal from water is of significant importance from an

environmental point of view. In recent years, several biological

and chemical treatments have been applied to remove vanadium

ions from water (Abbas and Conway, 2002; Chen and Owens,

2008; Guzman et al., 2002; Leiviska et al., 2015, 2017; Li et al.,

2016; Naeem et al., 2007; Nukatsuka et al., 2002; Okamura et

al., 2001; Roccaro and Vagliasindi, 2015; Vega et al., 2003;

Xiong et al., 2010; Zhang et al., 2015) but there is still a strong

need for studies in terms of water reclamation and remediation.

Recently, enzyme immobilization onto silica-based porous

materials has gained the attraction of researchers because of

their large surface area and tunable pore diameter, and easy

recovery of the immobilized enzyme at the end of the reaction

and thus its potential reuse (Salis et al., 2005). This present study

has investigated the removal of vanadyl [V(IV)] and vanadate

[V(V)] ions from water using a novel adsorbent: trypsin-

immobilized silica. This study first focuses on the synthesis and

characterization of trypsin-immobilized silica and then the use
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of the novel sorbent for the removal of V(IV) and V(V) ions

under various experimental conditions. The effects of pH,

sorbent amount, contact time, and initial ion concentration are

investigated to clarify sorption properties. The sorption

thermodynamics and equilibrium isotherms for the removal of

V(IV) and V(V) ions are also elucidated. Finally, the applica-

bility of the sorbent to real sample analysis (ultrapure, tap, and

bottled drinking water) is evaluated.

Methodology
Reagents and Apparatus. All reagents and chemicals were

of analytical grade. Ultrapure water (18.2 MX, Millipore,

Billerica, MA, U.S.A.) was used throughout the study.

Glassware and plasticware were cleaned by soaking in 10% (v/v)

nitric acid and were rinsed with distilled water before use.

Standard V(IV) and V(V) stock solutions were prepared by

dissolving appropriate amounts of vanadyl sulfate pentahydrate

(VOSO4.5H2O in 0.5 mol/L H2SO4) and vanadium pentoxide

(V2O5 in 1% (v/v) HNO3), respectively. Lower concentration

standards were prepared daily from their stock standard

solutions. 3-aminopropyl triethoxysilane (3-APTES), porous

silica (particle diameter 0.2–0.5 mm), and trypsin were obtained

from Merck.

The inductively coupled plasma mass spectrometer (ICP-MS)

used for vanadium determination (m/z¼ 51, natural abundance

of 99.75%) was an Agilent 7500ce (Tokyo, Japan) type

instrument equipped with a high solid nebulizer, a Peltier-cooled

spray chamber (2 8C), and an octopole collision/reaction cell

with hydrogen gas pressurization (purity of 99.999%). The ICP-

MS operating conditions were as follows: forward power of

1500 W, plasma gas flow of 15.0 L/min, carrier gas flow of 1.1

L/min, collision gas flow of 3.5 mL/min; sample uptake time of

25 s and integration time of 100 ms. In batch sorption studies, a

GFL 1083 water bath shaker (Burgwedel, Germany) equipped

with a microprocessor-controlled thermostat was used to

provide efficient mixing. The pH measurements were performed

using a Denver pH/ion meter (Colorado, U.S.A.) with a pH/

ATC plastic-body electrode.

Synthesis of Trypsin-Immobilized Silica. Trypsin is an

enzyme with a molecular mass of 23.400 Da and belongs to the

group of serine proteases, with an active site consisting of

aspartic acid, histidine, and serine residues. The surface of

trypsin possesses S–S, amine, and thiol groups. Surface

activation by washing the silica surface with acetic acid is the

first step in the synthesis of trypsin-immobilized silica.

Consequently, 1 g of dry silica gel was mixed with 15% (v/v) 3-

APTES in 20 mL acetone and incubated at 50 8C for 2 h with

constant mixing. The treated silica gel was then washed with

water, dried at 60.0 8C for 2.0 h, and suspended in 0.05 M

phosphate buffer (pH 7.0). Glutaraldehyde, as the cross-linking

agent, was added to the silica suspension, stirred at 20 8C for 2 h

and then filtered. The resulting activated silica gel was incubated

overnight at 4.0 8C with 50.0 mg trypsin in 10.0 mL 0.05 M

TRIS/HCl buffer (pH 8.0) with 0.02 M CaCl2 (to reduce enzyme

autodigestion). The carrier was then washed with TRIS buffer

and vacuum filtered through a Buchner funnel. The reaction

scheme is outlined in Figure 1.

Characterization. A number of characterization methods

were employed to assess the attachment of the functional groups

to the silica surface. Characterization of the proposed sorbent

was performed using techniques namely, Brunauer-Emmett-

Teller (BET) surface area analysis, scanning electron microscopy

(SEM), and thermal gravimetric analysis (TGA). Moreover,

particle size distribution and zeta potential of the sorbent were

also elucidated. The Bradford method was used in order to

determine the protein content of the effluents after immobili-

zation (Bradford, 1976). Blank, standards, and protein samples

were prepared in the same manner and ultraviolet-visible

spectrometry (at 595 nm) was used in measurements. The

enzyme activity was monitored by using p-toluene sulfonyl

arginine methyl ester (TAME) as the substrate and the specific

activity was expressed as unit of enzymatic activity per mg

protein (Worthington, 1972).

Sorption/Desorption Studies. Separate standard solutions

of V(IV) and V(V), (1 mg/L) were prepared at different pH

values using various concentrations of HNO3 and NH3. From

each of these solutions, 10 mL was taken and added into 10 mg

of the sorbent. The resulting mixture was shaken manually for 1

to 2 min and then for a further 30 min on a shaker at 25 8C. At

the end of the shaking period, the mixture was filtered through

blue-band filter paper and the filtrate was analyzed for its

vanadium content by ICP-MS. The effects of pH, sorbent

amount, contact time, initial ion concentration, solution

volume, temperature, and sorption behavior via steps of

synthesis were investigated. The percentage of vanadium

sorption was calculated using eq 1, where Ci is the initial and Cf

is the final concentration in the solution.

Sorption% ¼ Ci � Cf

Ci
3 100 ð1Þ

After collection of V(IV) and V(V) ions on trypsin-immobi-

lized silica, several eluents (EDTA, HNO3, HCl, and thiourea)

were tested for desorption of the analytes from the sorbent. For

this purpose, 10 mL of 1 mg/L V(IV) and V(V) was prepared and

10 mg of the sorbents were added. After shaking for 30 min, the

mixtures were filtered and the sorbents were taken into the

eluents (10 mL). The new mixture was shaken once again for 30

min. Finally, the resulting solutions were filtered and the filtrates

were analyzed for their vanadium content by ICP-MS.

To evaluate the accuracy and applicability of the proposed

method, sorption/desorption experiments were performed with

ultrapure, (18 lS/cm, pH 6.2), tap (905 lS/cm, pH 7.3), and

bottled drinking (101 lS/cm, pH 7.05) water samples. The water

samples were filtered through a membrane filter (pore size 0.45

lm) and analyzed as soon as possible after sampling. The water

samples were spiked with various amounts of V(IV) and V(V),

and the analysis was carried out under optimized conditions.

Blank samples were also prepared in the same manner and

analyzed by ICP–MS.

Sorption Isotherm Models. The equilibrium conditions of

the sorption process were described using the sorption
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isotherms. The relating studies were also performed through the

batch process (10 mg trypsin-immobilized silica, 10 mL of

solution volume, vanadium concentrations ranging from 100–

1000 mg/L, contact time of 60 min, pH 4 at 25 8C). Many

theoretical and empirical models have been developed to

represent the various types of adsorption isotherms. Langmuir,

Freundlich, and Dubinin-Radushkevich are among the most

frequently used isotherm models for this purpose.

The nonlinear form of Langmuir isotherm is given in eq 2:

Qe ¼ Qmax
bCe

1þ bCe
ð2Þ

where Qmax (mmol/g) and b (L/mmol) are Langmuir constants,

Qmax is the amount of vanadate ion sorption corresponding to

monolayer coverage, b is the affinity of the species for the

sorbent, Ce (mmol/L) is the amount of vanadate in liquid phase

at equilibrium, and Qe is the amount of vanadate sorbed on the

surface of the sorbent (mmol/g) at equilibrium. The values of

the constants are evaluated from the linearized form of the

equation, which is given in eq 3:

1

Qe
¼ 1

Qmax
þ 1

QmaxbCe
ð3Þ

The intercept and the slope of the plot of 1/Qe versus 1/Ce were

used in the determination of Qmax and b (Gueu at al. 2007;

Limousin et al., 2007; Qi and Xu, 2004).

The Freundlich model is usually used to describe sorption

over a wide range of concentrations on homogeneous and/or

heterogeneous surfaces (Umpleby et al., 2001). The isotherm is

not restricted to monolayer sorption and displays various

nonlinear behaviors reflected in the value of its exponential

parameter (1/n). The general nonlinear form of this isotherm is

Figure 1—Trypsin immobilization to silica surface. (a) Silica surface, (b) activated silica, (c) 3-APTES-modified
silica, (d) glutaraldehyde-treated silica, and (e) trypsin-immobilized silica.
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described by eq 4:

Qe ¼ KFC
1=n
e ð4Þ

where KF (mg/g) and n are Freundlich constants that apply for a

set of concentrations at a given temperature for a certain

sorbent–sorbate system. These constants are determined from

the linearized form of eq 5 given as follows:

logQe ¼ logKF þ
1

n
logCe ð5Þ

The intercept and the slope of logQe versus logCe plot give KF

and 1/n, respectively.

The Dubinin-Radushkevich isotherm model assumes that the

ionic species preferentially bind to the most energetically

favorable sorbent sites associated with the multilayer adsorption

of ions (Taqvi et al., 2007). The Dubinin-Radushkevich isotherm

is generally described by eqs 6 and 7 (Kavitha and

Namasıvayam, 2007):

Qe ¼ qs exp �Be2
� �

ð6Þ

where:

e ¼ RT ln 1þ 1

Ce

� �
ð7Þ

The Dubinin-Radushkevich parameter, B (mol2/kJ2), gives

information about the mean free-energy of sorption per

molecule of sorbate which is required to transfer it to the surface

of the solid from infinity in the solution; qs (mg/g) corresponds

to the sorption monolayer capacity (Yurdakoç et al., 2005). The

mean free-energy of sorption can be calculated from the

Dubinin-Radushkevich parameter B by eq 8:

E ¼ 2Bð Þ�
1
2 ð8Þ

The constants qs and B are calculated from the intercepts and

the slope of the experimental plot, lnQe versus e2.
Thermodynamic Parameters. The effect of reaction

temperature on the sorption of V (IV) or V(V) was studied at

25 and 60 8C while keeping the other parameters constant (10

mL of 1 mg/L V (IV) or V(V) solutions, 10 mg sorbent, pH of 4,

n¼ 3). The corresponding standard Gibbs free-energy change,

DG8, standard enthalpy change, DH8, and standard entropy

change, DS8 were calculated utilizing the well-known eqs 9, 10,

and 11 (Atkins, 2006).

DGo ¼ �RT lnRd ð9Þ

DHo ¼ R ln
Rd T2ð Þ
Rd T1ð Þ

1

T1
� 1

T2

� ��1
ð10Þ

DSo ¼ DH0 � DGo

T
ð11Þ

Results and Discussion
Characterization of the Sorbent. The surface morpholo-

gies of unmodified and trypsin-immobilized silica were exam-

ined at different surface locations using SEM. Visual inspection

of the images (not shown) indicated an increase in surface

roughness upon functionalization of the silica. This could be

reflecting a strong interaction between the silica surface and the

functional groups. In addition to SEM, elemental analysis was

performed to reveal the percentages of carbon, hydrogen,

nitrogen and silica in the synthesized sorbent. The appearance of

nitrogen (2.39%) on the surface and an increase in the

percentages of carbon (2.39%) and hydrogen (2.39%) indicated

the immobilization of trypsin to the silica surface. Thermal

gravimetric analysis results indicated a 3 to 4% weight loss at

~110 8C which could be attributed to the removal of adsorbed

water. After 300 8C, the weight decreased gradually (cross-

linking with glutaraldehyde), where a weight loss of 15 to 18%

was observed. Additionally, a weight loss of 20 to 25% was

recorded when trypsin was immobilized on the sorbent, which

could be an indication of surface modification. Thus, by

considering the TGA results, it can be concluded that additional

weight loss in the functionalized sorbent can also give

information about the presence of functional groups on the silica

surface.

Nitrogen sorption isotherm data was used to determine the

specific surface areas of unmodified and trypsin-immobilized

silica to express the concentration of reactive surface species.

The decrease in pore volume from 0.101 to 0.053 cm3/g was

likely to be an indication of the organic groups having been

successfully introduced into the inner channels. In line with this,

the decrease in specific surface area by nitrogen adsorption

indicated coverage of the silica surface with the functional

groups. It has been reported that nitrogen molecules were

adsorbed preferentially to silanols and a weak adsorption was

observed on organic surfaces compared with bare silica surfaces

(Takei et al., 2000).

The zeta potential measurements were carried out as a

function of pH and the zero point of charge (ZPC) of the

unmodified silica and trypsin-immobilized silica was determined

to be 2.5 and 9.0, respectively. The ZPC values indicated that the

electrostatic nature of the two sorbents was significantly

different. The particle size measurements showed that as the

surface modification was performed smaller silica particles were

obtained. This was probably a result of mechanical abrasion

caused by stirring during the synthesis process. In addition, the

particle size distribution of the novel sorbent also indicated a

monodispersed distribution of particles.

Infrared spectra were used to verify the immobilization

procedure (Figure not shown). The characteristic vibration

bands at around 1101, 800, and 490 cm�1 correspond to the

stretching, bending, and out-of-plane deformation vibrations of

Si–O–Si bonds, respectively. The broad shoulder at 1300 cm�1

can be attributed to a Si–C vibration. The small peaks observed

in the spectral range of 1450 to 1600 cm�1 might be attributed to

the C–H asymmetric and symmetric stretching vibrations, N–H

deformation peak, and the CH2 and CH3 groups of the amino

propyl. A very broad absorption band centered at 3450 cm�1 was

assigned to hydrogen-bound surface Si–OH groups as well as

NH2 (Stuart, 2004)
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As explained in the Methodology section, the Bradford

method was applied to determine the amount of protein bound

to silica gel. Moreover, to check the effect of the amount of

immobilized trypsin, two different trypsin concentrations (5–10

mg) were tested. Almost a quantitative (92–96%) immobiliza-

tion of protein to silica was achieved. Therefore, it was

concluded that increasing the initial amount of the trypsin from

5 to 10 mg did not have a significant effect on the

immobilization percent. Moreover, as activity retention on the

support is one of the most important aspects in the enzyme

immobilization process, any chemical modification or physical

adsorption in the procedure of immobilization will affect their

activity to some extent. The results obtained from activity

experiments demonstrated that quantification of protease

inhibitory activity via this method is feasible.

Sorption by the Intermediate Products During the

Synthesis and Final Sorbent. Trypsin-immobilized silica was

synthesized in four steps. The first step was to wash the silica

with H2O2 or CH3COOH (or to use it as is). The second step

was modification of the silica surface with 3-APTES. Next, the

sorbent was cross-linked using glutaraldehyde and, finally. the

synthesis was completed with the immobilization of trypsin.

After each step, an appropriate amount of the present product

was taken and its sorption behavior was tested towards V(IV)

and (V) under the similar conditions. As can be seen from Figure

2, the sorption percentage of the sorbent increased gradually as

the synthesis proceeded. This indicates the applicability of

trypsin-immobilized silica for vanadium sorption as well as the

intermediate products in the overall synthesis. As can be seen

from the figure, the sorption percentage decreased in the second

step (glutaraldehyde addition after NH2 modification to the

silica surface). The reason for this was the probably the steric

effect of the surface, which prevented the approach of the

vanadyl or vanadate species. In addition, although the first step

(NH2 attachment to the silica surface) was sufficient for the

speciation of V(IV) and V(V), if the removal of total vanadium

was required, trypsin immobilization became necessary.

Effect of pH. Solution pH is one of the most important

parameters that affect sorption as it not only affects the

chemistry of the binding site of the sorbent, but also the

speciation of the analytes strongly depends on the pH of the

solution. Therefore, the ability of the trypsin-immobilized silica

to retain vanadium from aqueous solution was investigated as a

function of pH. In addition to the individual sorption of the

V(IV) and V(V) species examined, sorption was also investigated

for the solution that contained both of the species together. As

can be seen from Figure 3, the sorption percentage of the

sorbents was almost constant in the pH range from 4 to 8. Under

acidic conditions (pH � 4), the adsorbent showed poor

adsorption capacity for both of the species which was probably

a result of the excess of Hþ ions competing with V(IV) and V(V).

The adsorbent had a zero point of charge 9, and it can be

assumed that the adsorbent was negatively charged above this

value. By considering the speciation graphs, V(V) was probably

retained as H2VO
þ
4 as the predominant species within the pH

values 4 to 8. The same trend for the sorption of V(IV) was also

observed. In this case, V(IV) was possibly oxidized to V(V) by

atmospheric oxygen, so percent sorption decreased (Filik et al.,

2004). As a result, the effect of pH on the vanadium adsorption

can be best explained on the basis of attractive forces between

the positively-charged surface of trypsin-immobilized silica and

negatively-charged V(IV) and V(V) species below pH 8.

The decrease in sorption of V(IV) and V(V) species above pH

8 could be assigned to the electrostatic repulsion between the

negatively-charged surface of the adsorbent and vanadium

anions because the chemical form of the vanadium species

(VO2þ and VOþ2 ) changes to the anion HVO2�
4 . Moreover,

Fourier transform infrared (FTIR) was used to verify the

sorption mechanism and no significant differences were

observed in the FTIR spectra, once the vanadium was adsorbed

for V(IV) and V(V); the bands corresponding to the different

functional groups were similar to trypsin-immobilized silica

bands. These results suggest no chelation effect occurs as a

consequence of the adsorption process, which may be attributed

Figure 2—Sorption of V(IV) or V(V) towards trypsin-immobilized silica through steps of synthesis (1 mg/L V(IV)
or V(V), 10 mg sorbent, pH 4, and 30 min contact time at 25 8C).
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to an electrostatic attraction between the trypsin-immobilized

silica and V(IV) and V(V) as the dominant mechanism. This

evaluation is in accordance with similar works (Padilla-

Rodrı́guez et al., 2015).

The vanadium oxyanions species will oxidize in water rapidly

from oxidation state (III) and (IV) to state (V); therefore, every

vanadium species behaves as V(V) at high pH values (Padilla-

Rodrı́guez et al., 2015). An additional experiment was

performed to determine V(IV) and V(V) species. The samples

were divided into two parts: in the first part of the study, total

vanadium determination was performed for the determination

of total vanadium concentration. For this purpose, 10% aqueous

ascorbic acid was added and the pH of the solutions was

adjusted to 4 with dilute ammonia. In the second part, sample

solutions’ pH was adjusted to 4 with dilute ammonia and no

sample pretreatment was applied. As can be seen from Table 1,

the two species of vanadium [V(IV) and V(V)] were completely

separated and recovered quantitatively with a simple pre-

reduction step before analysis.

In the case of sorption study with both of the vanadium

together, it is clearly seen that the percent sorption decreased

when compared with the individual sorption of V(IV) or V(V)

species. The affinity of the trypsin-immobilized silica towards

the different species of vanadium follows the trend: V(V) .

V(IV) . [V(V)þV(IV)] (Figure 3). The greater selectivity of the

trypsin-immobilized silica for V(V) over its counterpart V(IV)

may be a result of its greater ionic potential and pH of

hydrolysis. Typically, the adsorbent preferentially adsorbs ions

in the order: pentavalent . tetravalent . trivalent . divalent .

monovalent (Jansson-Charrier et al., 1996). On account of this,

V(V) was taken preferentially. Similarly, the decrease in

vanadium adsorption from its mixture was most probably the

result of competitive adsorption of V(V) and V(IV) for the same

surface sites. As a result of pH studies, to be on the safe side, a

pH of 4 was used in all subsequent experiments for the

quantitative sorption of vanadium species.

Effect of Sorbent Amount. The sorbent amount is also an

important parameter in obtaining the quantitative uptake of

metal ions. The effect of the amount of trypsin-immobilized

silica on the sorption of V(IV) and V(V) was studied at pH 4

with different sorbent doses varying from 5 to 200 mg at a fixed

ion concentration of 1 mg/L. Based on the results obtained, it

can be concluded that even with a very small amount of sorbent

(5 mg), a quantitative sorption of vanadium species (.95%)

onto the sorbent was obtained which was probably a result of

the high number of binding sites available for adsorbent–

adsorbate interaction. As no further increase in sorption after a

certain amount of sorbent was observed, to be on the safe side, a

sorbent amount of 10 mg (sorbent amount/solution volume ratio

of 1 mg/mL) was used in subsequent studies for quantitative

sorption of the target ions.

Effect of Contact Time. The sorption kinetics that describe

the solute uptake rate governing the contact time of the sorption

reaction is one of the important characteristics that define

sorption efficiency. When sorption data for the uptake of 1 mg/L

V(IV) and V(V) (pH 4, 10 mg sorbent) at contact times of 1 to 90

min were examined, it was evaluated that vanadium sorption is

not much dependent on time as a very rapid uptake of V(IV) and

V(V) occurred, even in 1 min. The initial sorption rate was very

fast, probably because of the greater number of sorbent sites

available for the sorption of vanadium ions This is one of the

important advantages of the proposed sorbent as an adsorbent

with faster uptake is better for the removal of heavy metals. As a

Figure 3—Effect of pH on the sorption of V(IV) and/or V(V) towards trypsin-immobilized silica (1 mg/L V(V) or
V(IV) solution, 10 mL sample volume, 30 min contact time, 10 mg sorbent at 25 8C).

Table 1—Effect of sample pretreatment for the
sorption of V(IV) and V(V) by trypsin-
immobilized silica (1 mg/L V(IV) or V(V), 100 mg
sorbent, sorption time of 30 min, pH 4).

Added

Sample Pretreatment % RecoveryV(IV) V(V)

1 - no 99
1 - yes 104
- 1 no 98
- 1 yes 102
1 1 no 98
1 1 yes 103
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result, to guarantee quantitative sorption, 30 min contact time

was used in further studies.

Effect of Initial Concentration. The initial concentration

serves as an important driving force for overcoming mass

transfer resistance of metal ions between the aqueous and solid

phases. To evaluate the effect of initial metal ion concentration

on sorption behavior, solutions of V(IV) and V(V) were

prepared with initial ion concentrations ranging from 0.01 to

1000.0 mg/L (pH of 4.0, 10.0 mg sorbent). It was observed that

the sorption percentage was higher for lower initial vanadium

concentrations and decreased with increasing vanadium con-

centrations. As a sorbent has a limited number of active sites

which become saturated at a certain concentration, the sorption

capacity of the trypsin-immobilized silica was exceeded, leading

to a decrease in sorption percentage at higher vanadium

concentrations.

Effect of Sorption Temperature. Variation in temperature

also affects the sorption of trace metal ions onto solid surfaces.

The sorption of V(IV) and V(V) ions onto trypsin-immobilized

silica was undertaken for temperatures 25 and 60 8C under

optimized conditions, and a decrease in sorption percent with an

increase in temperature was examined (Table 2). This observa-

tion associated with a decrease in entropy indicated that the

spontaneous sorption was enthalpy-driven. The negative DG8

values showed that the adsorption of vanadium species onto

trypsin-immobilized silica was feasible and spontaneous. The

negative DH8 value illustrated the exothermic nature of the

adsorption. The negative DS8 values revealed that the orderliness

of the adsorbed system was higher than the solution phase

before adsorption.

Effect of Sample Volume. In order to explore the

possibility of concentrating low concentration of analytes from

large volumes, the effect of sample volume on the retention of

V(IV) and V(V) was also investigated. Two different routes were

followed to understand the effect of sample volume. In the first

route, 10, 25, 50, 100, 250, 500 and 1000 mL sample volumes at

constant absolute amounts of V(IV) and V(V) (10 lg) were

prepared. All the other parameters were kept constant at their

respective optima. Quantitative recoveries (93–99%) were

obtained even with a sample volume of 500 mL. This provides

the use of the proposed methodology with relatively large

sample volumes. On the other hand, almost 75% percent

sorption was obtained both for V(IV) and V(V) for 1000 mL of

sample volume. In the second route, sample volumes (10, 25, 50,

100, 250, 500 and 1000 mL) were changed while keeping the

V(IV) and V(V) concentration constant (absolute amount

changed depending on the solution volume) at 1 mg/L. As in the

previous route, acceptable recoveries (.90%) were obtained up

to 1000 mL of sample volume. As a result, in both of the cases,

above 500 mL the recoveries of the analytes decreased slightly,

indicating the potential for use of the sorbent in water treatment

and promoting an evaluation of a scale-up procedure.

Desorption from the Sorbent. Among the various

concentrations of EDTA, HNO3, HCl, and thiourea used for

the desorption of V(IV) and V(V) from trypsin-immobilized

silica, only 0.5 mol/L thiourea (in 0.2 mol/L HCl) gave efficient

desorption (93 6 3%) and (89 6 5%) whereas the desorption

percentage for the others ranged between 10 and 60%.

Therefore, it was decided that 0.5 mol/L thiourea (in 0.2 mol/L

HCl) would be used as the eluent in further studies.

Sorption Isotherm Models. The sorption data at 25 8C

were subjected to different sorption isotherms namely,

Langmuir, Freundlich, and Dubinin-Radushkevich to assess the

sorption capacity of V(IV) and V(V) ions (Figure 4). It was

evaluated that the Langmuir isotherm appeared to be linear for

V(IV) and V(V) with a high correlation coefficient of 0.9317

and 0.9876, respectively (Table 3). Moreover, the maximum

sorption capacity values obtained from the Langmuir equation

(19.4 and 72.4 mg/g for V(IV) and V(V), respectively) were in

accordance with the experimental values obtained from eq 1.

These evaluations certified that the Langmuir isotherm well

describes the sorption process, indicating monolayer coverage

of the sorbent surface by the vanadium species. Moreover, the

essential characteristics of the Langmuir isotherm can be

expressed by a dimensionless constant separation factor, RL,

which is given by eq 12 (Babu and Gupta, 2008; Hall et al.,

1966).

RL ¼
1

1þ KLCi
ð12Þ

where KL is the Langmuir constant and Ci is the initial

concentration of the metal ion in solution. The separation

factor, RL, represent the shape of the isotherm and the nature

of the adsorption process. If 0 , RL , 1, the sorption is

favorable (Hall et al., 1966). The calculated values of RL were

found to be in the range of 0 to 1 at all initial metal

concentrations of V(IV) and V(V). Therefore, the results

indicate that the adsorption process was extremely favorable.

In addition, an evaluation has been done to compare the

sorption capacity of vanadium within the literature (Anirudhan

and Radhakrishnan, 2010; Mthombeni et al., 2015; Padilla-

Rodrı́guez et al., 2015; Parijaee et al., 2014; Sirviö et al., 2016;

Yayayürük and Yayayürük, 2017) and vanadium uptake by

trypsin-immobilized silica was found to be competitive in many

cases which indicates the promising performance of the sorbent

in vanadium removal studies.

Application to Real Samples. The applicability of the

method to real samples was performed with standard additions

for different matrices such as ultrapure, tap, and drinking water

samples using the optimum conditions (pH 4, 10 mg sorbent,

and contact time of 30 min at 25 8C). As can be seen from Table

Table 2—Thermodynamic parameters for the
sorption of V(IV) and V(V) by trypsin-
immobilized silica (1 mg/L V(IV) or V(V), 100 mg
sorbent, sorption time of 30 min, pH 4).

DG8 (kJ/mol)

DH8 (kJ/mol)

DS8 (J/molK)

298 K 333 K 298 K 333 K

V(IV) -13.8 -7.9 -64.4 -169 -169
V(V) -12.4 -6.9 -66.2 -180 -178

Yayayürük et al.

2062 WATER ENVIRONMENT RESEARCH � December 2018



4, in all cases quantitative recoveries were obtained indicating a

good agreement between the known and determined vanadium

amounts. The sorption of the spiked samples was, in most cases,

in the range of 85 to 102% which demonstrated the suitability of

the proposed methodology for the removal of vanadium species

in water samples.

Figure 4—Linear fits of Langmuir (a) V(IV), (b) V(V); Freundlich (c) V(IV), (d) V(V); and Dubinin-Radushkevich (e)
V(IV), (f) V(V) isotherm models for vanadium sorption by trypsin-immobilized silica.

Table 3—Summary of model coefficients.

Adsorption model Parameter V(IV) V(V)

Langmuir R2 0.9317 0.9876
Qmax (mg/g) 19.4 72.4
b (L/mmol) 0.17 0.041

Freundlich R2 0.8395 0.9737
KF (mg/g) 0.32 1.55
1/n 0.093 0.3723

Dubinin-Radushkevich R2 0.794 0.9871
B (mol2/kJ2) 8 310�10 3 3 10�9

qs 0.0004 0.0042
E (kJ/mol) 25 13

Table 4—Real sample analysis for the sorption
of V(IV) and V(V) by trypsin-immobilized silica
(pH 4, 10 mg sorbent, sorption time of 30 min).

Vanadium Spiked (lg/L)

% RemovalV(IV) V(V)

Ultrapure Water 20 - 93.9 (63.1)
- 20 92.8 (61.0)

10 10 85.0 (63.9)
Tap Water 20 - 97.0 (60.2)

- 20 102.0 (61.8)
10 10 87.6 (61.9)

Drinking Water-1 20 - 96.0 (64.5)
- 20 93.0 (60.3)

10 10 89.0 (61.2)
Drinking Water-2 20 - 89.4 (63.1)

- 20 92.0 (60.5)
10 10 91.0 (61.4)
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Conclusions
Trypsin-immobilized silica was successfully synthesized and

used for the removal of V(IV) and (V) ions from aqueous

solutions. Sorption parameters such as pH, sorbent amount,

solution volume, contact time, and initial concentration were

optimized. It was observed that the sorption percentage towards

V(IV) and V(V) was almost constant (.90%) within the pH

range 4 to 8 which demonstrated the possibility of using this

sorbent for the sorption of both vanadium species. The negative

DG8 values showed that the adsorption of vanadium species

onto trypsin-immobilized silica was feasible and spontaneous.

The negative DH8 value illustrated the exothermic nature of the

adsorption. The negative DS8 values revealed that the orderliness

of the adsorbed system was higher than the solution phase

before adsorption. Both V(IV) and V(V) adsorption followed the

Langmuir isotherm model. The proposed method was success-

fully applied to real samples for the removal of V(IV)and V(V)

with sufficient accuracy and precision. On this basis, it can be

concluded that trypsin-immobilized silica could be used to

remove vanadium species in water, resulting in a solution to

reduce environmental contamination.
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Thermodynamic Studies of Boron Removal by Siral 5, Siral 40, and Siral 80.

J. Colloid Interface Sci., 286 (2), 440–446.

Zhang, B.; Hao, L.; Caixing, T. C.; Songhu, Y. S.; Chuanping, F. C.; Jinren, N. J.;

Borthwick, A. G. L. (2015) Microbial Reduction and Precipitation of

Vanadium(V) in Groundwater Immobilized Mixed Anaerobic Culture.

Bioresour. Technol., 192, 410–417.

Yayayürük et al.

WATER ENVIRONMENT RESEARCH � December 2018 2065


