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� Sawdust was cationized using trie-
thanolamine and iodomethane to
produce TEA-I-SD.

� TEA-I-SD had impressive efficiency
for vanadium removal.

� Optimal pH for vanadium removal
was 4.

� TEA-I-SD revealed good potential for
mine water treatment.
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a b s t r a c t

In this study, two-step surface modification of sawdust using triethanolamine (at 180 �C) and iodo-
methane (at 42 �C) was performed to produce a novel quaternized biosorbent, TEA-I-SD. The charac-
terization studies revealed significant morphological changes in the sawdust and successful
quaternization with a nitrogen content of 5.75%. The highest vanadium removal (96.2%) was achieved at
pH 4 (dosage 1 g/L, initial vanadium concentration 19.1 mg/L). Equilibrium was achieved within 8 h of
contact time and the adsorption kinetics were well fitted with the pseudo-second-order model. Both film
diffusion and intra-particle diffusion contributed to the adsorption process, while the latter was the rate-
limiting step. The maximum vanadium adsorption capacity of TEA-I-SD (35.0 mg/g, pH 4) was close to
the theoretical value obtained from the Langmuir model. The best fit was achieved with the Redlich-
Peterson model, exhibiting a monolayer adsorption phenomenon. Tests with real mine water contain-
ing 11 mg/L of vanadium also confirmed its high removal (91.3%, dosage 1 g/L) using TEA-I-SD at pH 4.
The TEA-I-SD could be reused three times without significant capacity loss after regeneration, although
the desorption efficiency was rather low (synthetic solution: 38.5e40.5% and mine water: 26.2e43.1%).
© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Vanadium has beenwidely used in numerous industries such as
metallurgy, chemical, oil refining and mining. For example, in the
steel industry alloy strength is increased by adding vanadium. Va-
nadium compounds are also used as pigments and catalysts in the
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chemical industry. Vanadium-rich fuel coal and oil are used in
power plants and oil refineries, and large quantities of vanadate
ions are extracted from phosphoric ores for phosphoric acid pro-
duction (Anirudhan and Radhakrishnan, 2010; Leivisk€a et al.,
2017a). Additionally, vanadium also occurs in numerous mineral
forms such as carnotite, patronite, roscoelite, vanadinite and
descloizite (Rehder, 2008). Vanadium can exist in several oxidation
states, with V5þ being the predominant species in aqueous solution
under oxic conditions (Naeem et al., 2007). Under extreme acidic
conditions (pH < 3), vanadium (V5þ) exists as cations, whereas its
anionic forms are found at pH > 3 (Peacock and Sherman, 2004).

The indiscriminate use of vanadium for industrial purposes and
its toxic nature have led to water pollution. High concentrations of
the metalloid can affect the productivity of plants while in humans
it can be responsible for lung-, heart- and kidney-related diseases
(Trevi~no et al., 2019). Although there is nowidely known legislation
for vanadium discharge limits, some countries have set vanadium
limits, e.g. China has set vanadium limits of 50 mg/L for drinking
water sources (Xu et al., 2016), and a vanadium concentration limit
of 140 mg/L in groundwater has been set by Italy (Roccaro and
Vagliasindi, 2015).

Adsorption using various materials, e.g. zerovalent iron, orga-
nozeolites, iron-based products and calcined Mg/Al hydrotalcite, is
an effective treatment method for vanadium removal (Yayayürük
and Yayayürük, 2017; Leivisk€a et al., 2017b; Wang et al., 2012).
Many studies have also used modified biosorbents for vanadium
removal fromwater, for example quaternized pine bark (Zhang and
Leivisk€a, 2020), quaternized sawdust (Leivisk€a et al., 2015) and
poly(hydroxyethylmethacrylate)-grafted fruit shell (Anirudhan and
Radhakrishnan, 2010). Abundantly available sawdust is a low-cost
raw material which can be sourced for the production of bio-
sorbents. Sawdust is mainly composed of cellulose and lignin and
has been modified into biosorbents, for example using microwave-
assisted pyrolysis for dye removal (Suganya et al., 2017) or chemical
modification for nitrate and vanadium removal (Ker€anen et al.,
2013; Leivisk€a et al., 2015). Due to the small amount of data avail-
able on the modification of sawdust, further research is needed to
study new synthesis routes for this underexploited biomaterial.

In this study, sawdust was chemically modified using trietha-
nolamine (TEA) followed by methylation with iodomethane (I) to
produce a novel bio-based anion exchanger. The chemical modifi-
cation (TEA-I) method was adapted from previously reported
studies (Letaief et al., 2008; Matusik, 2014; Matusik and Bajda,
2013), where TEA was grafted into the interlayer space of clay
material, which was then quaternized using iodomethane. How-
ever, this is the first study to investigate the application of the TEA-I
method for themodification of biomass to produce bio-based anion
exchangers. This study provides new information about the suit-
ability of sawdust for chemical modification and the ability of the
developed biosorbent to remove vanadium. The developed bio-
sorbent was characterized using numerous analytical techniques
including Fourier transform infrared spectroscopy (FTIR), X-ray
photoelectron spectroscopy (XPS), scanning electron microscopy
(SEM) and elemental composition to confirm the extent of sawdust
modification. The optimal adsorption conditions (dosage, pH,
contact time) for vanadium removal and reusability of the bio-
sorbent were investigated. The developed biosorbent was also
tested on real mine water containing vanadium.
2. Materials and methods

2.1. Raw materials, chemicals and analytical methods used

Scots pine sawdust was treated by drying (80 �C for 24 h),
2

grinding and sieving to a specific size fraction (90e250 mm), as
described by Ker€anen et al. (2013). The mine water used for the
adsorption experiments was collected from a closed Mustavaara
mine area in Finland. The initial vanadium concentration in the raw
mine water was 11 mg/L. The pH and conductivity were 7.3 and
276 mS/cm, respectively.

The chemicals used for sawdust modification were triethanol-
amine (ACS reagent grade) (TEA), iodomethane (ReagentPlus®
99.5%) (I) and isopropanol (ACS). These chemicals were purchased
from Avantor apart from iodomethane, which was obtained from
Sigma-Aldrich. Vanadium stock solutions were prepared by dis-
solving NaVO3 (Sigma-Aldrich) in Milli-Q water. The pH was
adjusted using diluted aqueous solutions of HCl (Merck) and NaOH
(Sigma-Aldrich). The pHwas measured using VWR Phenomenal pH
1000 L. The initial and residual vanadium concentration was ana-
lysed using inductively coupled plasma optical emission spectros-
copy (ICP-OES, Thermo Scientific, iCAP 6500 Duo). Nitric acid, 0.5%
(Merck) was used to preserve the samples for vanadium analysis.

Analysis of mine water characteristics was performed using the
following methods: ion chromatography for SO4

2�, Cl� and F� and a
continuous flow analyser for NO2�, NO3�, NH4

þ and PO4
3�. Total ni-

trogen concentration was determined using a standardised
method, SFS-EN ISO 11905e1:1998. The other elements were ana-
lysed by inductively coupled plasma mass spectrometry (ICP-MS).
2.2. Biomass modification

The two-step biomass modification procedure was adopted
from the method reported by Matusik and Bajda (2013). In the first
step, the sawdust (10.3 g) was weighed into a round bottom flask to
which 150 mL of triethanolamine was added. The mixture was
refluxed under argon flow at 180 �C (20 h). The TEA-modified
sawdust (TEA-SD) was washed using isopropanol several times
followed by centrifugation to remove the excess TEA and drying in
an oven at 60 �C. In the second modification step, methylation of
the TEA-modified sawdust was performed in a round bottom flask
using 70mL iodomethane (I). Then themixturewas reacted at 42 �C
(boiling point of iodomethane) for 44 h. The TEA-I-modified
sawdust was centrifuged several times using isopropanol to wash
out the unreacted chemicals. Afterwards the modified sawdust was
dried at 60 �C and named TEA-I-SD.
2.3. Characterization studies of cationized sawdust

The raw (Raw-SD) andmodified sawdust samples (TEA-SD, TEA-
I-SD) were analysed using Fourier-transform infrared spectroscopy
(FTIR, Nicolet 6700 spectrometer). The FTIR spectra were measured
a using the DRIFT technique (3% wt. sample/KBr) in the 4000-
400 cm�1 wavenumber region at 4 cm�1 resolution with 64 scans.
The peak analysis was done using dedicated OMNIC v8.3 software
(Thermo Fisher Scientific). The X-ray photoelectron spectroscopy
(XPS) analysis of the Raw-SD, TEA-SD and TEA-I-SD was performed
using a Thermo Fisher Scientific ESCALAB 250Xi with a mono-
chromatic Al Ka source (1486.6 eV). Avantage software was used to
analyse the XPS data. The binding energy of the adventitious carbon
was set to 284.8 eV to perform charge correction and the Shirley
method was used to subtract the background. The C, H and N (%)
composition analysis of the samples was performed using a VarioEL
III Elementar analyser. The scanning electron microscope (SEM)
micrographs were obtained using FEI Quanta 200 FEG microscope
under low vacuum conditions. The samples were placed on a car-
bon tape and analysed without coating.
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2.4. Batch adsorption studies

The vanadium removal efficiency for the TEA-I-SD material was
evaluated at room temperature (22 �C ± 2 �C) through batch
adsorption experiments. A pre-selected mass of the biosorbent and
50 mL of vanadium solution were shaken in a rotary shaker
(22 rpm/min) for a specific time period and following this, the
solutions were separated from the biosorbent by centrifugation
(Jouan C4.12, 2500 rpm, 12 min). A 10 mL portion of each of the
solutions was acidified after the adsorption tests and analysed for
vanadium. Additionally, the final pH values were measured. The
vanadium removal efficiency of raw sawdust (2 g/L dosage, 24 h
contact time) was also tested as a control to compare its vanadium
adsorption ability to the modified sawdust. All adsorption experi-
ments were performed in duplicate (in figures, error bars represent
the deviation of these two experiments).

2.4.1. Effect of dosage and pH
The effect of dosage on vanadium removal efficiency was stud-

ied by mixing different dosages (0.5e2 g/L) of TEA-I-SD with va-
nadium solution (Cinitial ¼ 20.0-20.8 mg/L) and then shaking the
samples for 24 h. The pH of the vanadium solution (19.1 mg/L) was
adjusted in the range of 1e10 to study the effect of pH, using a
biosorbent dosage of 1 g/L. The solution pH was adjusted to the
desired pH prior to biosorbent addition. The speciation diagram of
vanadium species as a function of pH for 19.1 mg/L concentration
was calculated using MINEQL þ5.0 software.

2.4.2. Effect of contact time
The effect of contact time (5 min, 15 min, 30 min, 1 h, 4 h, 8 h,

24 h, 48 h and 72 h) was studied at pH 4with a biosorbent dosage of
1 g/L (vanadium concentration 18.3 mg/L). Kinetic studies were
performed by fitting the experimental data using the following
equations: pseudo-first-order (PFO) (Lagergren, 1898), pseudo-
second-order (PSO) (Blanchard et al., 1984), the Elovich model
(Roginsky and Zeldovich, 1934), intra-particle diffusion model
(Weber and Morris, 1963) and Boyd model (Boyd et al., 1947). The
non-linear method was applied to determine the parameters of the
kinetic models.

Pseudo-first-order (PFO):

qt ¼ qe
�
1� e�k1t

�
(1)

Pseudo-second-order (PSO):

qt ¼ q2ek2t
1þ k2qet

(2)

Elovich model:

qt ¼1
b
lnð1þabtÞ (3)

Intra-particle diffusion model:

qt ¼ kit
0:5 þ C (4)

Boyd model:

Bt ¼ �0:4977� ln
�
1� qt

qe

�
(5)

In the equations above: qt (mg/g) and qe (mg/g) are the amounts
of vanadium uptake per mass of sawdust at any time t (min) and at
equilibrium, respectively; k1(1/min) and k2 (g/mg � min) are the
rate constants related to the PFO and PSO equation, respectively; a
(mg/(g � min)) and b (g/mg) are the initial adsorption rate and
3

desorption constant related to the Elovich model, respectively; ki
(mg/g � min1/2) is the rate constant of the intra-particle diffusion
model and C (mg/g) is the boundary layer thickness; Bt is a math-
ematical function of qt/qe in the Boyd model.

2.4.3. Maximum adsorption capacity
The capacity of TEA-I-SD was measured using vanadium con-

centrations of 9e190 mg/L V and adjusting the pH of all the solu-
tions to four before biosorbent addition. The samples were shaken
for 8 h and a TEA-I-SD dosage of 1 g/L was used. The adsorption
capacity (q) of the biosorbent was calculated as follows:

q¼ðCo � CrÞV
m

(6)

where Co and Cr are the initial and residual vanadium concentra-
tions (mg/L) respectively, V is the volume (0.050 L) and m is the
biosorbent mass (g).

The adsorption data was fitted into nonlinear Langmuir (1918),
Freundlich (1907) and Redlich-Peterson (1959) isotherm models,
which are represented in the following equations:

Langmuir isotherm:

qe ¼ qmbCe
ð1þ bCeÞ (7)

Freundlich isotherm:

qe ¼KFC
1
n
e (8)

Redlich-Peterson isotherm:

qe ¼ KRPCe
1þ aRPC

g
e

(9)

In equations (7)e(9), qe (mg/g) is the equilibrium capacity, Ce
(mg/L) is the concentration of vanadium in equilibrium, b is the
Langmuir constant (L/mg), qm (mg/g) is the maximum adsorption
capacity of TEA-I-SD, KF (mg/g)/(mg/L) and n are the Freundlich
equilibrium constants, and KRP (L/g), aRP (L/mg) and g are the
Redlich-Peterson constants. The coefficient of determination (R2)
and c2 (chi-square) test were used to determine the best-fit model
(Tran et al., 2017). It should be noted that the smaller the c2 value,
the better the fit (Ho and Wang, 2008).

2.4.4. Test with real mine water
A preliminary test with mine water was conducted using the

TEA-I-SD in order to confirm its potential for vanadium removal
from real industrial effluent. The selected dosage of 1 g/L TEA-I-SD
was applied at two initial pH values (original minewater pH 7.3 and
pH 4) in batch adsorption tests (contact time: 8 h).

2.4.5. Regeneration studies
The regenerative ability of TEA-I-SD was studied by carrying out

three adsorption-desorption cycles. Adsorption was carried out
with a biosorbent dosage of 1 g/L in 200 mL vanadium solution at
an initial concentration of 20 mg/L (synthetic solution, pH 4) or
11mg/L (real minewater, pH 4), and using a contact time of 4 h. The
biosorbent regenerationwas performed using 150mL NaCl solution
(4 M) and a 2-h contact time. After each adsorption and desorption
stage, the biosorbent was recovered by centrifugation and a sample
was taken for vanadium analysis. The remaining solution was
carefully pipetted out and discarded. Between each cycle, the bio-
sorbent was washed with Milli-Q water. The vanadium removal
efficiency (%) during the adsorption stages was calculated using the
initial and final vanadium concentrations. The desorption efficiency
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was calculated as follows:

Desorption ð%Þ¼
�
mf

mi

�
*100 (10)

where mi was the amount of vanadium initially adsorbed on the
TEA-I-SD and mf was the amount of vanadium released after the
subsequent desorption cycle. Additionally, the amount of Total-N
released into the solutions after each adsorption cycle was
measured.
3. Results and discussion

3.1. Characterization

3.1.1. FTIR
The FTIR spectra of raw sawdust (Raw-SD) and modified

sawdust (TEA-SD, TEA-I-SD) can be seen in Fig. 1. The bands at
wavenumbers 3385, 3412 and 3428 cm�1 are representative of
hydrogen bonds and hydroxyl groups, as they typically appear in
the range of 3600e3200 cm�1 (Nakanishi, 1962; Williams and
Fleming, 1995). The slight band shift and stronger intensity at
3385 cm�1 for the TEA-I-SD could be due to the iodomethane
treatment. In the spectrum of raw-SD the peaks at 2920 and
2846 cm�1 can be attributed to the CeH stretching vibrations of
common organic moieties. After reaction with TEA this part of the
spectrumwas altered and three new bands appeared at 2950, 2873
and 2812 cm�1 connected with the vibrations of TEA methylene
groups and NeCH2 bonds (Song et al., 2015). Additionally, the TEA
bands due to NeH vibrations and OeH vibrations were visible at
1594 cm�1 and at 906/880 cm�1. In the raw and modified sawdust
samples, the band at 1630-1650 cm�1 might be partly due to the
presence of NeH bending (Gogoi et al., 2019; Lim and Hudson,
2004), and its intensity and position changed after TEA modifica-
tion due to the amination of sawdust (TEA-SD and TEA-I-SD). It
should be noted that the same band (1640 cm�1) could contribute
to the water adsorbed by the biomass (Rytwo et al., 2015). The
quaternization reaction with CH3I was reflected in a disappearance
of the 2812 cm�1 band. This was probably connected with a change
of nitrogen coordination from planar to tetrahedral. The bands in
the 3000-2800 cm�1 region of the raw and modified sawdust may
also be overlapped by the CeH stretching vibrations of methoxyl
Fig. 1. FTIR spectra of raw (Raw-SD) and modified sawdust (TEA-SD, TEA-I-SD).
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groups (-OCH3) (Hergert, 1960). The successful quaternization of
sawdust with iodomethane was also proved by the sharp band at
1471 cm�1 in TEA-I-SD due to the presence of quaternary ammo-
nium groups (Pei et al., 2013; Salajkov�a et al., 2012). Simulta-
neously, the bands related to NeH (1594 cm�1) and OeH (906 and
880 cm�1) vibrations disappeared. The bands in the region of
1048e1033 cm�1 in the raw and modified sawdust samples could
be related to the presence of the pyranose ring ether band of cel-
lulose, which is fairly close to the band (1050 cm�1) reported in
previous studies (Pei et al., 2013; Salajkov�a et al., 2012). A slight
band in the raw sawdust at wavenumber 1745 cm�1 could be seen
due to the C]O vibrations of the carbonyl groups (Bodîrlǎ;u et al.,
2009), which decreased after reaction with TEA. This suggested a
reorganization of the organic structure of the biosorbent.
3.1.2. CHN composition
The results of the carbon, hydrogen and nitrogen (CHN) analysis

of raw (Raw-SD) and modified sawdust (TEA-SD, TEA-I-SD) are
shown in Table 1. The TEA modification introduced amine groups
into TEA-SD as its relative nitrogen content was 3.92%, compared to
0.07% in Raw-SD. An even higher relative nitrogen content was
witnessed after the quaternization treatment using iodomethane in
TEA-I-SD (5.75%). This is, however, a somewhat lower value than
achieved in the study by Ker€anen et al. (2013), who reported that
quaternization of sawdust led to an increase in nitrogen content
from 0.8% (raw sawdust) to 9.4%.
3.1.3. XPS
The X-ray Photoelectron Spectroscopy (XPS) analysis confirmed

that the biosorbent was mainly composed of carbon and oxygen
(Table 2). The relative carbon content on the surface decreased
during the modification. Nitrogen was not detected by XPS for the
raw sawdust. The nitrogen content was found to be highest in TEA-
I-SD (5.7 at.%) due to amination and the presence of iodide (3.3 at.%)
was also found in the same product, which indicated the successful
grafting of iodomethane onto the final product. The samples of
TEA-I-SD that were recovered after vanadium treatment had a
lower nitrogen content (1.8 at.%). This could have resulted from
leaching of some TEA that was not grafted strongly on the bio-
sorbent surface. Vanadium was successfully bound to the bio-
sorbent as the recovered biosorbent revealed traces of vanadium.
The iodine content (0.2 at.%) had also decreased in the recovered
samples, which indicates the displacement of iodine with vana-
dium anion.

The C1s spectra of TEA-SD could be fitted into three major peaks
(Fig. S1): (1) aromatic and aliphatic carbon (CeC, CeH) at 284.8 eV,
(2) carbon single bonds with nitrogen and oxygen (CeN, CeO) at
286.5 eV and (3) C]O and/or OeCeO at 287.9 eV (Gogoi et al., 2018;
Zhang and Leivisk€a, 2020). The C1s spectra of TEA-I-SD showed
single bonds of (1) CeC, CeH and (2) CeN, CeO; however, the third
peak, related to carbon forming double bonds with oxygen, was no
longer seen in the C1s spectrum. The increase in peak intensity at
284.8 eV in TEA-I-SD indicated a greater number of CeC and CeH
bonds due to the introduction of methyl groups by the iodo-
methane treatment. This agrees well with the FTIR data, since an
Table 1
CHN composition (wt.%) of Raw-SD, TEA-SD and TEA-I-SD. Errors represent the
deviation of three repeat analyses.

Sample C% H% N%

Raw-SD 48.69 ± 0.11 6.37 ± 0.04 0.073 ± 0.00
TEA-SD 49.08 ± 0.24 7.79 ± 0.01 3.92 ± 0.01
TEA-I-SD 38.04 ± 0.04 2.83 ± 0.00 5.75 ± 0.15



Table 2
Surface composition (at.%) of raw sawdust (Raw-SD), fresh modified sawdust (TEA-
SD and TEA-I-SD) and recovered TEA-I-SD samples (after vanadium treatment).

Biosorbent Atomic percentage of the elements
(%)

C1s N1s O1s I3d V2p

Raw-SD 73.2 e 26.8 e e

TEA-SD 59.8 1.3 38.8 e e

TEA-I-SD 68.1 5.7 22.8 3.3 e

TEA-I-SD (after vanadium treatment) 63.7 1.8 34.0 0.2 0.4
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increase in CeH bonds was witnessed in the FTIR spectra of TEA-I-
SD. In the case of N1s spectra, the TEA-SD samples showed the
presence of amide groups at 399.6 eV (Gengenbach et al., 1996) and
quaternary ammonium groups at 402.2 eV (Kistamah et al., 2009)
(Fig. 2a). The clear increase in the quaternary ammonium group
peak of the TEA-I-modified sawdust (402.3 eV) indicated successful
iodomethane quaternization of the TEA-SD (Fig. 2b).
3.1.4. SEM
The surface morphology of raw (Raw-SD) and modified sawdust

(TEA-SD and TEA-I-SD) is presented in Fig. 3, wherein a clear effect
of the chemical modification could be witnessed in the modified
samples. As shown in Fig. 3a, small pores were present in a non-
uniform manner in the raw sawdust. However, modification with
TEA enlarged these pores significantly and were present to a much
larger extent in TEA-SD (Fig. 3b). This could be due to the extraction
of organic substances from the sawdust surface as a result of high-
temperature treatment with TEA. Similarly, large pores could be
seen in the TEA-I-SD surface in a uniform structure (Fig. 3c), thus
indicating the morphological changes caused by the TEA-I
modification.
3.2. Vanadium removal studies

An adsorption test using Raw-SD was performed as a control in
which only 8.0% vanadium removal efficiency was achieved. In
contrast, about 80.9% vanadium was removed by TEA-I-SD under
the same experimental conditions (2 g/L dosage, 24 h adsorption
time, Cinitial 20.8 mg/L, initial pH 5.7, room temperature). This
Fig. 2. N1s XPS spectra of a) TEA-SD and b) TEA-I-SD.
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confirmed that the modified sawdust was very efficient in vana-
dium removal.

3.2.1. Effect of dosage
As expected, the highest vanadium removal efficiency (80.9%)

was achieved at the highest tested dosage (2 g/L) (Fig. 4). This was
due to the increasing number of anionic binding sites when more
sorbent was available in the system. The equilibrium pH decreased
with increasing dosage, which probably further improved vana-
dium sorption at higher dosages (effect of pH has been discussed in
section 3.2.2.). A TEA-I-SD dosage of 1 g/L achieved 56.5% removal
efficiency and was chosen for subsequent adsorption tests in order
to evaluate the performance of the biosorbent under different
adsorption parameters.

3.2.2. Effect of pH
Vanadium removal by TEA-I-SD was significantly dependent on

the solution pH (Fig. 5). The equilibrium pH did not vary much as
compared to the initial pH after 24 h of adsorption time, thus
indicating a steady pH value throughout the adsorption process. At
very acidic pH (1e2), the vanadium removal efficiency was low
(2.6e8.4%). There was a significant increase in removal efficiency
when the pH was raised to 4, wherein the highest removal effi-
ciency (96.2%) of TEA-I-SD was achieved. However, a further in-
crease in pH (6e10) showed a downward trend in removal
efficiency (from 55.8% to 17.5%).

The quaternary nitrogen groups on the biosorbent are respon-
sible for the vanadium uptake via electrostatic attraction. As the
quaternary ammonium groups are permanently positively charged
regardless of the pH, the optimal removal observed at pH 4 is
probably related to the vanadium speciation. The poor performance
of TEA-I-SD at low pH is due to fact that positively charged VO2

þ is
the predominant species (Fig. S2) (Peacock and Sherman, 2004).
Speciation calculations indicated that H3V2O7

� was the predomi-
nant species (97%) (Fig. S2) at pH 4 and at the prevailing concen-
tration level (19.1mg/L). At pH 6, the proportion of H2VO4

� species is
already significant (15%) and the proportion of H3V2O7

� is signifi-
cantly reduced with increasing pH (Fig. S2). From pH 7.5e8.3
H2VO4

� is the predominant species while at pH � 8.6 HVO4
2� be-

comes the predominant species. High vanadium adsorption at
acidic pH values (3e4) has also been reported for cationized pine
bark, which also contained quaternary ammonium groups (Zhang
and Leivisk€a, 2020). At high pH values, there might also have
been competition from the hydroxide ions, significantly hampering
the vanadium adsorption. A similar phenomenon was observed for
other anions reacted with quaternized kaolin group minerals
(Kurtaran et al., 2008; Matusik, 2014). As a result of the high per-
formance of TEA-I-SD for vanadium removal at pH 4, further
sorption parameters were studied for that solution pH.

3.2.3. Effect of contact time
The rate of adsorption was rapid with short contact times and

vanadium removal increased with increasing contact time. Equi-
librium was achieved after 8 h with a 96% vanadium removal rate.
The experimental data was fitted to nonlinear pseudo-first-order
(PFO), pseudo-second-order (PSO) and Elovich models (Fig. 6).
The qe (mg/g) obtained from the PFO and PSO models were similar
to the experimental data. However, the PSO equation gave a better
fit than the PFO and the Elovich models as it provided a higher R2

and lower chi-square values (Table S1) and thus it can be concluded
that the adsorption of vanadium onto the biosorbent follows the
PSO model.

Many authors have claimed that PFO represents mainly diffu-
sion processes, whereas PSO suggests chemisorption. Such



Fig. 3. SEM images of a) Raw-SD, b) TEA-SD and c) TEA-I-SD.

Fig. 4. Effect of dosage on vanadium removal efficiency (%) by TEA-I-SD. Contact time
24 h; Cinitial 20.0-20.8 mg/L; pHinitial 5.7-6.1; final pH values represented as pHeq.

Fig. 5. Effect of pH on vanadium removal efficiency (%) by TEA-I-SD. Dosage 1 g/L;
contact time 24 h; Cinitial 19.1 mg/L; final pH values represented as pHeq.

Fig. 6. PFO, PSO and Elovich kinetics (obtained by the non-linear optimization tech-
nique) and experimental data for vanadium adsorption onto TEA-I-SD (dosage 1 g/L;
Cinitial 18.3 mg/L; pHinitial 4).
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conclusions have always been controversial due to the fact that
adsorption mechanisms cannot be directly determined based on
PFO and PSO models, but instead have to be established by using
6

different characterization methods (Kumar, 2006; Tran et al., 2017).
Additionally, some other interesting findings have been reported,
e.g. PFO can give a better fit than PSOwhen the initial concentration
of solute is high or the external and/or internal diffusion may
dominate the adsorption process (Azizian, 2004; Guo and Wang,
2019). In addition, Simonin (2016) concluded that the rate con-
stant (k2) of PSO was unable to interpret the steep rise of the
adsorption capacity at a short time. The PSO model is based on the
hypothesis that the adsorbent has abundant active sites and that
adsorption mainly takes place onto the active sites (Guo andWang,
2019). This agrees well with the proposed mechanism with qua-
ternary nitrogen groups explained in section 3.2.2.

Next, the intra-particle diffusion model was applied to the data
to identify whether the process was controlled by film diffusion
(the movement of ions from the bulk solution to the external sur-
face of adsorbent) or intra-particle diffusion (movement of ions
into the interior of the adsorbent) (Anitha et al., 2015; Tran et al.,
2017). The linear plot of qt versus t½ with a zero intercept would
mean that adsorption is controlled by intra-particle diffusion. Two
linear segments could be visually observed in the intra-particle
diffusion plot (Fig. 7a), indicating that both film diffusion (first
line) and intra-particle diffusion (second line) were involved. This is
in good agreement with vanadium adsorption onto quaternary
ammonium-modified pine bark (Zhang and Leivisk€a, 2020). To



Fig. 7. Intra-particle diffusion (a) and Boyd plot (b) for the adsorption of vanadium onto TEA-I-SD (dosage 1 g/L; pHinitial 4; Cinitial 18.3 mg/L).
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identify the slowest step in the adsorption process, the experi-
mental data was analysed using the Boyd model (Fig. 7b). In the
Boyd model, if the plot of Bt versus time t is in linear form and
passes through the origin, then internal diffusion is considered to
be the rate-controlling step; otherwise the adsorption process may
also be controlled by film diffusion and other mechanisms (Campos
et al., 2018). In the present study, the straight line almost goes
through the origin and a high R2 (0.957) is obtained, suggesting that
intra-particle diffusion is the rate-limiting step.

3.2.4. Maximum adsorption capacity and sorption isotherms
The capacity of TEA-I-SD increased with vanadium concentra-

tion and the experimental maximum vanadium adsorption capac-
ity was equal to 35.0 mg/g. The increase in adsorption capacity at
higher vanadium concentrations is due to the stronger driving force
between the adsorbent and the sorbate because of the higher va-
nadium ion concentration (Manohar et al., 2005). The obtained
capacity is similar to the maximum capacity of surface-modified
pine bark (Zhang and Leivisk€a, 2020) and ZnCl2-modified coconut
coir pith (Sangeetha, 2006). However, the capacity is much lower
than that reported for modified sawdust using the ETM method
(130 mg/g, Leivisk€a et al. (2015)), zerovalent iron (324.4 mg/g,
Fig. 8. Experimental and predicted adsorption capacity of TEA-I-SD (obtained by the
non-linear optimization technique) (dosage 1 g/L; pHinitial 4). Experimental values are
the average of two repetitions.
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Yayayürük and Yayayürük (2017)) and for calcined Mg/Al hydro-
talcite (513.88 mg/g, Wang et al. (2012)).

The experimental data was fitted into the Langmuir, Freundlich
and Redlich-Peterson models (Fig. 8). Although the experimental
maximum adsorption capacity was quite close to the value ob-
tained from the Langmuir model (31.6 mg/g), the Redlich-Peterson
model provided a better fit in terms of the highest R2 value (0.911)
and lowest c2 value (3.10) (Table S2). Additionally, the g value
provided by the Redlich-Peterson model was close to unity (0.91).
The results indicated that a monolayer adsorption phenomenon
might have taken place.

3.2.5. XPS characterization of TEA-I-SD after adsorption
The V2p high resolution spectrum was analysed to reveal

possible changes in the oxidation state of vanadium during the
adsorption. The V2p spectra of vanadium loaded TEA-I-SD showed
two peaks at 516.7 eV and 523.9 eV, which are assigned to V2p3/2
and V2p1/2, respectively (supplementary material, Fig. S3). This
indicates that the vanadium existed in the þ5 oxidation state and
there was no change in the oxidation state during adsorption
(Demeter et al., 2000; Hryha et al., 2012). The same observationwas
made in a previous study by Zhang and Leivisk€a (2020) after
adsorption onto quaternary ammonium-modified pine bark.

3.2.6. Vanadium removal from mine water
Besides vanadium (11 mg/L), the mine water also contained iron

(3.4 mg/L), aluminium (2.1 mg/L), sulphate (34 mg/L), nitrate
(1.5 mg/L) and minor concentrations of some other elements
(Table S3). In line with the findings described above, vanadium
removal from mine water using TEA-I-SD was significantly
dependent on the solution pH. The quaternized biosorbent was
very efficient in removing vanadium (91.3%, dosage 1 g/L) at pH 4
(pHeq 4.0), whereas tests conducted at the original pH of the water
(7.3) revealed significantly lower removal efficiency (35.5%, pHeq
7.3). As mentioned in section 3.2.2 on the effect of pH, the
impressive vanadium removal performance of TEA-I-SD at pH 4
could be due to the favourable speciation of vanadium, thereby
actively occupying the cationic exchange sites of the biosorbent.
These preliminary results reveal the potential of TEA-I-SD for va-
nadium removal from acidic mining effluents.

3.2.7. Regeneration studies
The regeneration studies conducted using synthetic solution

and mine water are illustrated in Fig. 9. In the case of synthetic
vanadium solutions, TEA-I-SD showed high removal efficiency



Fig. 9. Regeneration performance of TEA-I-SD using a) synthetic vanadium solution
(20 mg/L V, pHinitial 4) and b) mine water (11 mg/L V, pHinitial 4). TEA-I-SD dosage 1 g/L;
contact time 8 h in adsorption and 2 h in desorption; desorption solution 4 M NaCl.
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(91.0%e92.8%) during the first two adsorption cycles. The slight
decrease in efficiency during the final cycle (77.3%) could be due to
adsorbent exhaustion after consecutive regeneration rounds and
higher equilibrium pH observed (4.8e4.9). In the case of mine
water, TEA-I-SD exhibited lower vanadium removal efficiency
(70.0%-78.2%) throughout all the adsorption cycles, which could be
due to the presence of other competing ions in the solution but also
due to the lower equilibrium pH (3.1e3.4) compared to the first
tests with mine water (section 3.2.6). At pH 3.2, the proportion of
H3V2O7

� is slightly reduced (Fig. S2). Treated water after the first
adsorption (cycle 1) was analysed in more detail and some ion
concentrations were even higher (e.g. Al, Fe) after adsorption
(Table S3), which might be due to minor variations in the mine
water quality of different batches (canisters). The increase in
chloride concentration was due to pH adjustment with HCl.

The desorption efficiency was not very satisfactory for either
synthetic solution (38.5e40.5%) or mine water (26.2e43.1%).
Interestingly, the poor desorption capability of TEA-I-SD did not
have any significant effect on the vanadium removal rates during
the three cycles. Nitrogen was released into the treated samples of
8

both synthetic vanadium solutions (4.6 ± 0.2 mg N) andminewater
(4.5 ± 0.1 mg N) after the first adsorption cycle. However, in the
subsequent cycles, nitrogen was not released in the experiments
performed with synthetic vanadium solutions, whereas a very
small amount of nitrogen (0.14 ± 0.0 mg) was released in the ex-
periments using mine water. The leaching of nitrogen from TEA-I-
SD was in agreement with the XPS data (N content decreased to
1.8 at.% in TEA-I-SD recovered after vanadium treatment; Table 2).
Nevertheless, this phenomenon did not hinder the vanadium
adsorption performance of TEA-I-SD.
4. Conclusions

The presented study developed a novel biosorbent (TEA-I-SD)
from sawdust, using triethanolamine and iodomethane in the
chemical modification. Quaternary ammonium groups were suc-
cessfully grafted onto the biosorbent, leading to significant
morphological changes on the surface of TEA-I-SD. The mechanism
of vanadium adsorption involves electrostatic interactions with the
quaternary ammonium group. Vanadium adsorption studies
revealed that pH significantly affected the adsorption efficiency of
TEA-I-SD; the biosorbent exhibited impressive vanadium removal
efficiency at pH 4. Both film diffusion and intra-particle diffusion
were involved in the adsorption although intra-particle diffusion
can be considered the rate-controlling step. Although the desorp-
tion ability of TEA-I-SD was low, the adsorbent was able to exhibit
satisfactory vanadium removal efficiency during consecutive
adsorption cycles. This study provided insightful information on
the potential of a novel biosorbent, TEA-I-SD, for the treatment of
vanadium-containing effluents. Future studies can focus on
exploring the optimum operational conditions for applying TEA-I-
SD in mine water treatment at real treatment facilities.
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