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ABSTRACT: Heparin (HEP) is a sulfated glycosaminoglycan
that is a clinical anticoagulant agent. Commercially derived
from porcine intestinal mucosa, HEP is challenging to separate
from this complex biological mixture for additional purification.
This study aimed to raise the purity of isolated HEP using
electrochemical potential to increase its selective capture and
release. We demonstrate an electrochemical platform featuring
an anode composed of amine-functionalized carbon/titanium
dioxide nanotube arrays on titanium foil (Ti/C−TNTAs−
NH2) and a cathode made of expanded graphite. Our results
show that Ti and Ti/C−TNTAs control plates do not adsorb
HEP, even while applying an external potential to the cell.
However, when the Ti/C−TNTAs electrode is modified by 3
aminopropyltriethoxysilane, the terminal NH2 groups provide a high density of positive charges that serve as binding sites,
enabling the adsorption of HEP. This attraction is further strengthened by applying an external potential to the anode.
Subsequent release of the HEP molecules and regeneration of the Ti/C−TNTAs−NH2 electrode are easily accomplished by
applying an anodic potential to the plate, as well as by increasing the concentration of NaCl in solution. This electrochemical
system demonstrates the good selectivity of HEP, even within a mixture of other probable interfering species (e.g., bovine serum
albumin and chondroitin sulfate). Additionally, it maintains 90.11% of its initial electrosorption efficiency after ten repeated
HEP adsorption/desorption cycles, indicating this system’s promising stability and reusability for HEP purification.

KEYWORDS: heparin recovery, heparin digestion, electrosorption, selective adsorption, titanium dioxide nanotubes,
functionalized nanotubes

■ INTRODUCTION

Heparin (HEP) is a linear long-chain, highly sulfated
glycosaminoglycan featuring a high density of negative
charges,1 which is commercially extracted from animal tissue,
such as the intestinal mucosa of pigs.2 HEP serves various
clinical applications, particularly as an anticoagulant for the
treatment of acute coronary syndrome, arterial thrombosis,
atrial fibrillation, and pulmonary embolism.3 Unfortunately,
only very low concentrations (0.01% w/w) of HEP are isolated
from enzymatically digested natural tissue.4 Therefore, an
additional separation step is required for the selective capture
of HEP from other contaminating compounds present in the
digestion mixture (e.g., other glycosaminoglycans, proteins,
nucleic acids, etc.) prior to additional refinement.4

Several methods for the selective separation of HEP from
raw materials have been reported, most of which are based on
the ion-exchange technique. In this method, primary amines/
quaternary ammonium groups are used to selectively form an
insoluble complex with HEP molecules,4 exploiting the
unusually high density of negative charges found on the
HEP molecule, which distinguishes it from other compounds

found in the digestion mixture. In this manner, HEP can be
separated by robust charge-based cooperative binding,5 which
has been demonstrated using chitosan and its derivatives,5−7

polymer-based materials,8,9 hydroxyapatite,10 and clay nano-
tubes.11,12 However, the low selectivity in HEP recovery and
the high impurity content in the final sample continues to be a
major challenge.
Recent attention has been drawn by the development of a

new, environmentally safe ion-exchange technique based on
electrochemical switching.13−18 Electrochemical adsorption
(i.e., electrosorption) is defined as a polarization or current
potential-induced adsorption phenomenon that takes place on
the surface of charged electrodes with a high conductivity.19 In
this kind of a system, increasing the adsorption rate and
capacity, as well as the reversible capture and release of the
target molecules, can be accomplished with the use of fewer
chemicals by controlling the potential.20 In addition, the
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adsorbent film can be simply regenerated without the creation
of any secondary waste.21 These features make the technology
more economical to operate, with the ability to decrease costs
even further if renewable energy sources are utilized.22 The
electrosorption technique has been successfully demonstrated
to enhance the adsorption capacity of various cations/anions
and organic compounds and the industrial use of this
technique has been developed.23

Nanotubes have received significant attention because of
their size-dependent properties and high surface to volume
ratios.24 In recent studies, it has been shown that titanium
dioxide nanotubes (TNTs) have improved properties
compared to any other known form of this material for
application in areas such as sensing, photocatalysis, electro-
photocatalysis, solar cells, and photovoltaics.25 TNTs have
been fabricated by a variety of methods, including sol−gel

processes, alumina templating, seeded growth, and the
hydrothermal method.25 However, of these TNT synthesis
methods, the architecture indicating by far the most amazing
properties are highly ordered titanium dioxide nanotube arrays
(TNTAs) fabricated by anodic oxidation of a titanium foil/
plate in a fluoride-containing electrolyte. This approach offers
precise control of the nanotube dimensions. Uniform TNTAs
of various tube wall thicknesses of 7−34 nm, tube openings of
22−110 nm, and tube lengths of 200−6000 nm can be easily
grown by modifying the anodic oxidation parameters.24,26

There are multiple case reports giving evidence of the unique
properties of the TiO2 nanotube architecture, making them of
significant value for scientific research as well as industrial
applications.24−26

In this work, we propose a new separation platform based on
the electrosorption technique to overcome the challenge of low

Scheme 1. Schematic Illustrationa

a(a) Fabrication and post-modification of the Ti/C−TNTAs−NH2 anode, (b) formation of the expanded graphite cathode, and (c) replacement of
HEP molecules adsorbed on the Ti/C−TNTAs−NH2 electrode using Cl

− ions present in the aqueous solution. (d) The electrochemical system,
including the anodic Ti/C−TNTAs−NH2 plate and cathodic expanded graphite, with the suggested mechanism of the electrosorption separation
of negatively charged HEP from the positively charged BSA.
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selectivity of conventional absorbents used in the recovery of
HEP. We demonstrate an electrochemical cell featuring an
anode made of amine-functionalized carbon/titanium dioxide
nanotube arrays on titanium foil (Ti/C−TNTAs−NH2) and a
cathode of expanded graphite, which we employ to boost the
selective capture and release of HEP via the application of
electrochemical potential. We evaluated the efficiency and
selectivity of this electrochemical cell for the capture of HEP in
a simulated biological mixture also containing bovine serum
albumin (BSA) and chondroitin sulfate (CS), as well as a real
biological sample composed of enzymatically digested porcine
intestinal mucosa. Our findings suggest this electrochemical
cell features both a strong selectivity and stability, enabling it to
be reused for repeated HEP separation and recovery.

■ RESULTS AND DISCUSSION
Electrochemical Cell Fabrication. To form the anode,

amorphous carbon/titanium dioxide nanotube arrays (C−
TNTAs) were grown on pretreated Ti foil by anodic oxidation
in an ethylene glycol/ammonium fluoride electrolyte (see the
Supporting Information for more details). The amorphous Ti/
C−TNTAs were then crystallized by annealing in nitrogen at
500 °C (Scheme 1a). Throughout the annealing process, the
remaining ethylene glycol in the TNTAs is carbonized, doping

the TNTs,27 which has been shown to increase the inherent
conductivity of these materials by changing the band structure.
For instance, carbon-doped TNTAs show superb discharge
and charge capacities because of the higher electronic
conductivity.27,28

The X-ray diffraction (XRD) patterns of the Ti support and
the crystallized Ti/C−TNTAs is shown in Figure 1a. The
reflections at 2θ of 36.0°, 38.4°, 40.3°, 53.4°, 60.9°, 70.8°, and
76.4° are attributed to the Ti support (JCPDS card no. 44-
1294), and reflections at 2θ of 25.5°, 38.3°, 48.2°, 54.4°, 55.2°,
63.0°, and 71.0° are attributed to the anatase phase of TiO2
(JCPDS card no. 21-1272). The XRD pattern for Ti/C−
TNTAs showed that the TNTs are well-crystallized into the
anatase crystalline phase.29

Surface modification of the anatase Ti/C−TNTAs plate was
then carried out by first exposing the substrate to water vapor
in order to create a high coverage of Ti−OH groups onto the
surface of the TNTAs, followed by immersion in dry toluene
and the addition of the amine-terminated silane coupling agent
(3 aminopropyltriethoxysilane, APTES) at different concen-
trations (0.4, 0.6, 0.8, 1.00, and 1.20% v/v) under stirring at 60
°C. These series of steps for the anodic oxidation and
subsequent thermal treatment and surface modification
processes are shown in Scheme 1a. Optical images of the Ti

Figure 1. (a) XRD patterns of Ti and anatase Ti/C−TNTAs. (b) FTIR spectra of Ti, anatase Ti/C−TNTAs, and anatase Ti/C−TNTAs−
NH2(0.8%). (c) TGA thermograms of amorphous Ti/C−TNTAs, anatase Ti/C−TNTAs, anatase Ti/C−TNTAs−NH2(0.8%), and anatase Ti/
C−TNTAs−NH2(0.8%)@HEP.
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foil, amorphous Ti/C−TNTAs, and anatase Ti/C−TNTAs−
NH2(0.8%) are displayed in Figure S1 (see the Supporting
Information). The color of the Ti support changes from silver
to white after the TNTA growth on the surface. The color of
the amorphous Ti/C−TNTAs also changed from white to gray
when annealed in nitrogen. Finally, the color transformed to
brown after 0.8% APTES modification of the surface.
We studied the Ti plate before and after growth of TNTAs

and APTES modification using Fourier transform infrared
(FTIR) spectroscopy. FTIR spectra of the Ti support, anatase
Ti/C−TNTAs, and anatase Ti/C−TNTAs−NH2(0.8%) are
shown in Figure 1b. In the FTIR spectra of the anatase Ti/C−
TNTAs and anatase Ti/C−TNTAs−NH2, a broad absorption
band appears at 600−400 cm−1, which can be attributed to the
Ti−O−Ti bond.30 Compared to the anatase Ti/C−TNTAs,
the FTIR spectrum of the anatase Ti/C−TNTAs−NH2
showed a new absorption band at 1018 cm−1, which we
attributed to the stretching vibration of Ti−O−Si, produced by
the condensation reaction of Si−OH groups of APTES with
the OH groups of the TNTAs.31 Moreover, we observed a new
band at 1097 cm−1, which can be attributed to the stretching
vibration of Si−O−Si, formed by the condensation reaction
between Si−OH groups of the APTES. The FTIR spectrum of

anatase Ti/C−TNTAs−NH2 showed a weak absorption band
at 2935 cm−1, which is due to (CH2)n groups of the APTES. In
addition, the weak absorption bands at 1316 and 1543 cm−1

are attributable to the C−N and NH2 vibrations, signifying the
existence of the amino functional groups of APTES on the
TNTAs.11

The fabrication and surface modification of nanotubes were
further studied by thermogravimetric analysis (TGA). Figure
1c displays the TGA results in the range from 20 to 600 °C for
the amorphous Ti/C−TNTAs, anatase Ti/C−TNTAs, and
anatase Ti/C−TNTAs−NH2(0.8%) before and after HEP
adsorption (Ti/C−TNTAs−NH2(0.8%)@HEP). There is a
0.2% weight loss associated with the amorphous Ti/C−
TNTAs, which most likely is due to any remaining ethylene
glycol inside the nanotubes during the anodic oxidation
process.27 This weight loss disappeared, however, upon
calcination of the plate at 500 °C in nitrogen, as can be seen
in the anatase Ti/C−TNTAs thermogram. The APTES-
functionalized sample, anatase Ti/C−TNTAs−NH2(0.8%),
displays a 0.63% weight loss at 600 °C that indicates the
presence of the aminotrimethyl silane functionality on the
TiO2 nanotubes. Meanwhile, the anatase Ti/C−TNTAs−
NH2(0.8%)@HEP electrode shows 1.21% weight loss upon

Figure 2. Top-view and cross-sectional SEM images of (a) anatase Ti/C−TNTAs and (b) anatase Ti/C−TNTAs−NH2(0.8%) at different
magnifications. (c) EDX mapping of the anatase Ti/C−TNTAs−NH2(0.8%) electrode.
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heating to 600 °C because of the presence of adsorbed HEP
molecules onto the plate surface.
The morphological features of the Ti/C−TNTAs and Ti/

C−TNTAs−NH2 were identified using scanning electron
microscopy (SEM). Top-view and cross-sectional SEM images
of the anatase Ti/C−TNTAs and anatase Ti/C−TNTAs−
NH2 substrates at different magnifications are shown in Figure
2a,b. The SEM micrographs reveal the well-ordered nanotubes
on the Ti support. The SEM images of the anatase Ti/C−
TNTAs−NH2 material also suggest the APTES film is well-
formed on the wall of the nanotubes. Moreover, the tube pores
remain open after APTES functionalization, indicating the
porous structure is well-maintained, which is crucial for the
electrochemical performance and adsorption efficiency of
anatase Ti/C−TNTAs−NH2.

32 The average width of the
nanotube openings was ∼70 nm, with a wall thickness of
around 10 nm. Cross-sectional SEM images of the anatase Ti/
C−TNTAs and anatase Ti/C−TNTAS−NH2 samples reveal
the TNTAs are around 2 μm in length (Figure 2a,b).
We utilized energy dispersive X-ray (EDX) elemental

mapping to analyze the elemental content of the anatase Ti/
C−TNTAs−NH2 substrate. The results clearly indicate that
Ti, C, O, F, Si, and N elements are present in the anatase Ti/
C−TNTAs−NH2 (Figure 2c). The EDX maps for Si and N
elements show that the APTES film is well-distributed around
the tube’s opening. We assume the observed fluoride ions
originate from the anodic oxidation in ethylene glycol/
ammonium fluoride, which can cause TiF4, TiOF2, and
pentafluoro−aquo−titanate to form and cause the incorpo-
ration of fluoride ions into the TNTAs.33 All of these results
combined indicate the anatase TNTAs structure was
successfully grown onto the Ti substrate and that APTES
had been successfully attached as a thin layer onto the surface
of TNTAs.
The formation of APTES film onto TNTAs was further

examined by atomic force microscope (AFM). Figure S2
shows the AFM topographic images (10.0 μ × 10.0 μ) of the
anatase Ti/C−TNTAs, anatase Ti/C−TNTAs−NH2(0.8%),
and anatase Ti/C−TNTAs−NH2(1.2%), and Table 1 lists the

roughness average (Ra) and root-mean-square roughness (Rq)
values of these samples. The anatase Ti/C−TNTAs sample
shows a very high average roughness of 83.16 nm. However,
the roughness of the material dramatically decreases after
APTES modification (Figure S2 and Table 1). The roughness
for both modified TNTs (anatase Ti/C−TNTAs−NH2(0.8%
and 1.2%)) is close together while the sample with a higher
loading of APTES (1.2%) shows a lower roughness, due to
higher functionalization, which is also confirmed by the

magnified AFM topographic images (2.0 μ × 2.0 μ) in Figure
S3.
We measured the water contact angles of the fabricated

electrodes to determine their hydrophilicity, which is an
important characteristic property affecting the adsorption
efficiency of support. Figure S4 shows the water contact
angles (Θw) of the Ti foil compared to the anatase Ti/C-
TNTAs plate before and after APTES functionalization. The
Θw of the Ti foil is 70.4°, while after the growth of the TiO2
nanotubes via anodic oxidation Θw increased to 103.4°.34

However, after modification with APTES, the Θw of the Ti/C−
TNTAs−NH2 plate decreased from 87.4° to 8.4° as the
amount of APTES increased from 0.4% to 1.2%. We ascribe
the improvement of the hydrophilic properties to the
wettability of the APTES film on the hydrophobic TNTAs
surface. This progressive decrease in Θw indicates the
successful functionalization of Ti/C−TNTAs with APTES at
different concentrations.
To fabricate the cathode (Scheme 1b), we formed expanded

graphite (a porous version of the material) by exposing the
graphite to H2SO4/HNO3, followed by thermal shock at 900
°C for 1 min (see Supporting Information). The expanded
graphite was selected because of its high capacity in adsorption
of proteins as probable interfering species in the reaction
mixture of HEP.35,36 SEM images of graphite and expanded
graphite are shown in Figure S5. The expanded graphite forms
when the material is quickly heated at a high temperature due
to the evaporation of the incorporated H2SO4/HNO3, causing
the graphite sheets to enlarge along the symmetry axis (C-axis),
becoming expanded sheets.35,36 The expansion volume of
expanded graphite after the exfoliation process (acidic
treatment followed by a thermal shock at 900 °C) was ∼200
mL g−1, which is about 1000 times larger than the parent
graphite material.36

Electrosorption. Electrosorption experiments were per-
formed at 25 °C in a three-electrode setup using the anatase
Ti/C−TNTAs−NH2(0.8%) plate as the anode, the expanded
graphite as the cathode, and a saturated calomel electrode
(SCE, +0.24 V) as the reference electrode. The electrolyte
contained 25 mL of aqueous HEP solution (50 mg L−1) and
0.1 M NaClO4. NaClO4 was selected as the background
electrolyte because it does not undergo specific adsorption and
therefore will not interact with the adsorption behavior of the
examined species.37 We began the electrosorption process by
applying a constant potential of +1000 mV to the Ti/C−
TNTAs−NH2 vs SCE under continuous stirring, presumably
causing some of the negatively charged HEP to adsorb to the
Ti/C−TNTAs−NH2 surface. To determine the amount of
HEP that remained in solution, we utilized a methylene blue-
assisted spectrophotometric technique described in detail in
our previous publication.5 The HEP electrosorption perform-
ance of the Ti/C−TNTAs−NH2 plate was assessed at different
conditions, including both with/without applying a potential,
using different ratios of APTES modification, and comparing
with the performance of Ti and Ti/C−TNTAs plates (Figure
3a). According to our results, the Ti and Ti/C−TNTAs plates
did not demonstrate any ability of HEP adsorption, not even
after applying an external potential to the cell. We hypothesize
that this behavior occurs due to the absence of potential
binding sites onto the adsorbate. Interestingly, the situation
was completely changed when the Ti/C−TNTAs plate was
modified by 0.4% APTES (Figure 3a), likely due to the
terminal NH2 groups providing a high density of positive

Table 1. Surface Roughness of Anatase Ti/C−TNTAs
Compared with Two Modified Samples Using Different
APTES Loadingsa

sample
roughness average

(Ra) (nm)
root-mean-square

roughness (Rq) (nm)

anatase Ti/C−TNTAs 83.16 105.44
anatase Ti/C−TNTAs−
NH2(0.8%)

75.19 92.63

anatase
Ti/C−TNTAs−NH2
(1.2%)

67.39 83.21

aAnatase Ti/C−TNTAs−NH2 (0.8% and 1.2%).
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Figure 3. (a) Adsorption capacity (mg g−1) of various systems, including Ti, Ti/C−TNTAs, and Ti/C−TNTAs−NH2 with different loadings of
APTES (0.4%, 0.6%, 0.8%, 1.0, and 1.2%), both with or without +1000 mV potential in the recovery of pure HEP (50 mg L−1) (temperature 25 °C,
pH 7, and reaction time 3 h). (b) Adsorption capacity (mg g−1) and (c) adsorption efficiency of Ti/C−TNTAs−NH2(0.8%) toward HEP (50 mg
L−1) as a function of applied potential (temperature of 25 °C, pH of 7, and reaction time of 3 h). (d) The pseudo-second-order kinetic plot for the
electrosorption of HEP onto Ti/C−TNTAs−NH2(0.8%). The adsorption capacity (mg g−1) and adsorption efficiency of Ti/C−TNTAs−
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charges that serve as binding sites to form strong electrostatic
interactions with the HEP molecules in solution. The NH2
groups have a pKa of ∼9; so, they protonate at pH < 9 and lead
to the formation of NH3

+ groups. Applying an external
potential further improved the adsorption capacity (i.e., the
amount of HEP adsorbed) of the Ti/C−TNTAs−NH2(0.4%)
anode toward HEP. By applying an external potential (+1000
mV vs SCE), making the anodic Ti/C−TNTAs−NH2(0.4%)
plate more positively charged, the HEP adsorption capacity
increased from 42.95 to 51.49 mg g−1. Clearly, the external
potential plays an important role in driving anionic HEP
molecules onto the positively charged Ti/C−TNTAs−
NH2(0.4%) plate.
We also examined the effect of the APTES concentration

used to functionalize the anode surface in terms of the
electrode’s HEP electrosorption capability. In order to achieve
an NH2-functionalized Ti/C−TNTAs plate with different
loadings of amino groups, we added different concentrations of
APTES (0.4, 0.6, 0.8, 1, and 1.2% v/v) to the solution during
postmodification of the Ti/C−TNTAs plate. The Ti/C−
TNTAs−NH2 plate with 0.8% v/v showed a high adsorption
capacity of 59.40 mg g−1 at +1000 mV potential. However,
further increasing the initial concentration of APTES did not
have a positive effect on the electrosorption efficiency of the
Ti/C−TNTAs−NH2. For example, the Ti/C−TNTAs−NH2
plate with 1.2% v/v showed an adsorption capacity of 52.99 mg
g−1 at +1000 mV potential. Apparently, there is a threshold
APTES concentration for Ti/C−TNTAs surface modification,
after which further functionalization is not possible, as the
electrosorption efficiency of the samples made with 0.8%
APTES and higher showed similar values within the
experimental error (Figure 3a). In addition, a high
concentration of silane coupling agent can form a thick layer
of APTES onto the Ti/C−TNTAs electrode, blocking the
mouth and openings of the TNTs, reducing the surface area of
the electrode and its electrochemical performance. Based on
the electrosorption efficiency results, the Ti/C−TNTAs−
NH2(0.8%) anode demonstrating the highest electrosorption
capacity toward HEP was chosen for subsequent analysis.
The FTIR spectra of the Ti/C−TNTAs−NH2(0.8%) anode

before and after electrosorption of HEP (Figure S6) revealed
that the intensity of most of the absorption bands reduced after
HEP sorption, which suggests the successful electrosorption of
HEP molecules onto the Ti/C−TNTAs−NH2(0.8%) anode.
The EDX map for elemental S in the anatase Ti/C−TNTAs−
NH2(0.8%) after HEP electrosorption process (Figure S7) also
clearly confirms that HEP had been successfully attached onto
the surface of the TNTAs.
We studied the effect of the applied bias potential (0, +400,

+600, +800, +1000, +1200, and +1400 mV vs SCE) on the

electrosorption efficiency of the Ti/C−TNTAs−NH2 system.
We observed the adsorption capacity to increase along with the
potential (Figure 3b), in which an adsorption capacity of 59.83
mg g−1 was achieved for an electrochemical polarization of
+1400 mV, while it was 42.95 mg g−1 at the same set of
conditions but without bias. Figure 3c shows the adsorption
efficiency of HEP onto the Ti/C−TNTAs−NH2 plate as a
function of the applied potential over time. Like the adsorption
capacity, the adsorption efficiency of HEP increased as the
applied bias potential increased from 0 to +1400 mV.
Compared to the system without potential, the adsorption
efficiency increased by 28.22% with an electrochemical
polarization of +1400 mV. Consequently, we deduced that
applying an external potential significantly increased the
adsorption efficiency and capacity of the Ti/C−TNTAs−
NH2(0.8%) toward HEP. To avoid the electrolysis of water, we
were limited in applying potentials lower than +1800 mV.38

The obtained adsorption kinetic results (shown in Figure 3c)
were evaluated by fitting using a pseudo-second-order kinetic
model (Table S1). The adsorption rate constant, k2, for 0 and
+1400 mV were found to be 4.8 × 10−4 and 8.2 × 10−4 g mg−1

min−1, respectively, indicating the rapid capture of HEP from
aqueous solutions at +1400 mV (Figure 3d). This implies that
the adsorption process through the porous material may be
limited by intraparticle diffusion.39 In fact, the fast adsorption
rate may be related to the porous framework of the nanotubes,
as well as the distribution of the high density of NH2 groups on
the Ti/C−TNTAs−NH2(0.8%) plate, in which the available
adsorption sites increase by applying the external potential.
We also studied the effects of solution temperature and

initial HEP concentration on the electrosorption efficiency of
the Ti/C−TNTAs−NH2(0.8%) plate (Figure 3e,f). The
adsorption efficiency of HEP increased from 47.86% to
55.21% by increasing the solution temperature from 25 to 65
°C. The adsorption capacity also followed a similar trend,
rising from 59.83 to 69.02 mg g−1 as the solution temperature
increased from 25 to 65 °C, suggesting the adsorption process
is endothermic. This behavior may be related to the increased
diffusion of the HEP molecules across the exterior boundary
layer and into the interior pores of the nanotubes due to the
reduced viscosity of the solution with increasing temper-
ature.40,41 We evaluated the effect of elevated temperature on
the Gibbs free energy (ΔG), the enthalpy change (ΔH), and
the entropy change (ΔS) of HEP electrosorption onto the Ti/
C−TNTAs−NH2(0.8%), in which the ΔG values for the HEP
electrosorption were obtained by the following equations:42

ΔG = −RT ln K and ln K = ΔS°/R−ΔH°/RT. The ΔH° and
ΔS° values were plotted from the slope and intercept of the
linear plot of ln K vs 1/T (Figure 3g and Table 2). For all of
the temperatures studied, the value of ΔG was negative, which

Figure 3. continued

NH2(0.8%) toward HEP as a function of (e) temperature (applied potential of +1400 mV, initial HEP concentration of 50 mg L−1, pH of 7, and
reaction time of 3 h) and (f) initial HEP concentration (applied potential of +1400 mV, temperature of 65 °C, pH of 7, and reaction time of 3 h).
(g) The plots of ln(K) vs 1/T and (h) adsorption isotherms for the electrosorption of HEP onto Ti/C−TNTAs−NH2(0.8%).

Table 2. Thermodynamic Parameters for the Electrosorption of HEP onto the Ti/C−TNTAs−NH2(0.8%) as a Function of
Temperature

−ΔG° (kJ mol−1)

contact time (h) −ΔH° (J mol−1) −ΔS° (J (mol K)−1) 298 308 318 328 338

5 63.25 12.11 3.546 3.667 3.789 3.910 4.031
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implies the electrosorption process onto Ti/C−TNTAs−
NH2(0.8%) is spontaneous and thermodynamically favorable.
Both the ΔH° and ΔS° values were negative, which confirmed
that capture of HEP on the surface of the Ti/C−TNTAs−
NH2(0.8%) anode involves the release of some energy during
the interaction between the opposite charges and decreasing
the energy freedom and order of the electrochemical system
after capture of the HEP.43,44

A different behavior was observed in studying the effect of
the initial HEP concentration (Figure 3f). The adsorption
efficiency decreased from 55.21% to 5.09% by increasing the
initial HEP concentration from 50 to 800 mg L−1. We
hypothesize this trend was observed because of the limited
number of NH2 active groups on the Ti/C−TNTAs−
NH2(0.8%) plate, which can become completely saturated
when the HEP concentration is high enough.45 Interestingly,
the amount of HEP adsorbed onto the Ti/C−TNTAs−
NH2(0.8%) plate increased from 69.02 mg g−1 to 101.88 mg
g−1 as the concentration of HEP was increased. We attributed
this to the driving force generated by a high concentration of
HEP molecules, which overcome the mass transfer resistance
of HEP from the solution to the surface of the Ti/C−
TNTAs−NH2(0.8%) plate.46 We fitted the experimental
isotherm data to the Langmuir and Freundlich models to
better understand the HEP capture mechanism by the Ti/C−
TNTAs−NH2(0.8%) plate (see Table S1). The Langmuir
model implies that electrosorption could be performed
through one layer of adsorbate on the active site of the
adsorbent,47 while the Freundlich model suggests that active
sites of the adsorbent are heterogeneous and the adsorption
process occurs through multilayers of adsorbate.48 Based on
the results shown in Table 3 and Figure 3h, we found that

electrosorption process onto Ti/C−TNTAs−NH2(0.8%)
obeyed the Langmuir isotherm model (R2 = 0.9983),
suggesting the electrosorption of HEP on the active site of
the immobilized APTES occurs in a monolayer.
Mechanism of HEP Electrosorption. We used X-ray

photoelectron spectroscopy (XPS) to study the chemical
surfaces and interactions of HEP with the active sites of the
Ti/C−TNTAs−NH2 plate. Figure 4a−k shows the XPS
spectra of the Ti/C−TNTAs, Ti/C−TNTAs−NH2, and Ti/
C−TNTAs−NH2@HEP substrates. After modification of Ti/
C−TNTAs with APTES, Si and N signals appeared in the Ti/
C−TNTAs−NH2 sample, which further confirmed successful
functionalization of the Ti/C−TNTAs (Figure 4a). Mean-
while, adsorbing HEP onto the surface of the Ti/C−TNTAs−
NH2 resulted in a new peak (S 2p) related to the sulfonate
groups of the HEP. The O 1s, C 1s, and N 1s spectra of the
Ti/C−TNTAs, Ti/C−TNTAs−NH2, and Ti/C−TNTAs−
NH2@HEP samples are shown in Figure 4c−j. In Figure 4b,
Ti 2p doublet peaks of Ti/C−TNTAs with both Ti 2p 1/2 and
Ti 2p 3/2 (Ti3+) components appeared at 465.0 and 459.4 eV.
However, a binding energy of 461.6 eV was also observed,
which could be related to the Ti 2p 3/2 orbital (Ti4+).49,50 The

O 1s spectrum of Ti/C−TNTAs (Figure 4c) showed two
peaks at 530.5 and 532.5 eV, which are related to oxygen
atoms in the lattice structure of the TNTs and hydroxyl groups
on the surface of the TNTs, respectively.51 The O 1s region of
Ti/C−TNTAs−NH2 is shown in Figure 4d, in which all of the
peaks related to the oxygen of the TiO2 shifted to higher
binding energies compared to Ti/C−TNTAs, which implies
that the surface of the Ti/C−TNTAs was successfully treated
with silane groups of the APTES, additionally resulting in a
broad peak at 536.1 eV related to the adsorbed water on the
amine groups.52 By adsorbing the HEP onto the surface of the
Ti/C−TNTAs−NH2, the peak at 536.1 eV disappears,
confirming that the amine groups of the APTES are involved
in the interaction with HEP and desorbed water molecules
(Figure 4e). Figure 4f−h shows the deconvolution of the C 1s
spectra of Ti/C−TNTAs, Ti/C−TNTAs−NH2, and Ti/C−
TNTAs−NH2@HEP, respectively. The peak at 285.5 eV may
be related to the CC and CC bonds of the remaining
calcined carbon in the framework of the TNTAs. However,
peaks after 290 eV are attributed to COC and OCO
(Figure 4f−h).53 The N 1s spectra of Ti/C−TNTAs−NH2
showed a peak at 403.9 eV, which belongs to the amine groups
of the immobilized APTES on the surface of the TNTs (Figure
4i). After adsorption of HEP onto the surface of Ti/C−
TNTAs−NH2, the amine peak shifted to a lower binding
energy (401.5 eV, Figure 4j) and a new peak related to the S
2p spectrum of the sulfonate group of HEP appeared at 170.4
eV (Figure 4k). In fact, the negative binding energy shift (∼2
eV) of the N 1s spectra of the Ti/C−TNTAs−NH2@HEP
could be attributed to the formation of a negative space charge
layer of HEP molecules on the surface of the Ti/C−TNTAs−
NH2.

54

Regeneration and Reusability of Ti/C−TNTAs−NH2.
As HEP must eventually be extracted and commercial HEP
adsorbents are typically reused to lower their costs, we studied
the ability of the Ti/C−TNTAs−NH2@HEP plate to desorb
and release HEP using an aqueous solution of NaCl and
applying an external potential. We hypothesized that the
replacement of HEP molecules adsorbed onto the Ti/C−
TNTAs−NH2 electrode could be achieved with Cl− ions
present in the aqueous solution (Scheme 1c). Electro-
desorption experiments were carried out in the same setup
as used in the HEP electrosorption test. In each run, 25 mL of
a NaCl aqueous solution with different initial concentrations
(2.5%, 5%, 10%, 20%, and 35%) was added into the cell. The
electrodesorption process was begun by applying a constant
anodic or cathodic potential (−600, −400, −200, 0, +200,
+400, +600, +800, +1000, +1200, and +1400 mV) to the Ti/
C−TNTAs−NH2@HEP vs SCE under continuous stirring for
1 h. Figure 5a shows the effect of the bias potential applied to
the Ti/C−TNTAs−NH2@HEP electrode on the desorption
efficiency of HEP in a 5% NaCl solution. The desorption
efficiency was defined as the ratio of the desorbed amount of
HEP from the surface of Ti/C−TNTAs−NH2 to the initial
adsorbed amount of HEP. We observed that applying a
cathodic potential to the Ti/C−TNTAs−NH2@HEP plate
had a negative effect on the desorption of HEP. The
desorption efficiencies were 1.4%, 4.95%, and 5.57%, when
the applied cathodic potentials were −600, −400, and −200
mV. As can be seen, the desorption efficiency decreased with
an increasing cathodic bias potential. When no potential was
applied, the desorption efficiency of HEP from the surface of
the Ti/C−TNTAs−NH2@HEP plate in the presence of 5%

Table 3. Parameter Fittings of the Equilibrium Isotherm
Results for Different Initial Concentrations of HEP to the
Langmuir and Freundlich Equation Parameters

isotherm models qm KL KF n R2

Langmuir 102.6 9.23 × 10−2 0.9983
Freundlich 56.4 1 0.864
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NaCl was greater than when a cathodic potential was used. A
desorption efficiency of 16.10% was obtained from using just
5% NaCl without a potential. However, by applying an anodic
potential to the Ti/C−TNTAs−NH2@HEP plate in the
presence of 5% NaCl, the desorption efficiency of HEP
improved and increased along with the anodic potential to a
maximum value of 25.39% at +1400 mV. These results show
that the desorption efficiency of HEP from the surface of the
Ti/C−TNTAs−NH2@HEP plate in the anode mode was
higher than that in the cathode mode. We believe that when
the anode has a positive charge on its surface, this enables the
electrosorption of Cl− ions, which replace HEP molecules,
allowing the HEP to easily desorb and release into solution
from the anodic Ti/C−TNTAs−NH2@HEP plate.
We studied the effect of the initial concentration of NaCl in

the anodic mode of regenerating the Ti/C−TNTAs−NH2@
HEP electrode. Figure 5b shows the effect of the NaCl
concentration on the regeneration efficiency of the electro-
chemical cell toward HEP adsorption when an anodic potential
(+1400 mV) was applied to the Ti/C−TNTAs−NH2@HEP
plate, and the results of which are compared with the
nonpotential applied mode. At a NaCl concentration of 10%,
the regeneration efficiency of the anodic Ti/C−TNTAs−

NH2@HEP plate with +1400 mV potential was 54.49%, while
at the same conditions for the non-potential mode the
regeneration efficiency was 22.29%. At a NaCl concentration
of 15%, the regeneration efficiencies of the anodic Ti/C−
TNTAs−NH2@HEP plate with +1400 mV and 0 mV applied
potential were 68.42% and 32.20%, respectively. Finally,
extremely high regeneration efficiencies of 92.56% and
89.78% were obtained for the anodic Ti/C−TNTAs−NH2@
HEP plate at +1400 mV and 0 mV applied potential in the
presence of saturated NaCl (36%). These results demonstrate
that the regeneration of the adsorbent can be improved by
applying an anodic potential to the plate, as well as by
increasing the concentration of NaCl in solution.
The reusability of HEP adsorbents is an important factor for

industrial applications. Therefore, we studied the reusability of
the anodic Ti/C−TNTAs−NH2 plate toward HEP electro-
sorption after ten electrosorption/electrodesorption cycles in
the presence of saturated NaCl (36%) at an applied anodic
potential of +1400 mV. Figure 5c shows the adsorption
capacity of Ti/C−TNTAs−NH2(0.8%) toward HEP as a
function of the number of regeneration cycles. The adsorption
capacity of Ti/C−TNTAs−NH2(0.8%) dropped to 65.75 mg
g−1 from 69.02 mg g−1, after the first regeneration and reuse,

Figure 4. (a) XPS survey scans for Ti/C−TNTAs, Ti/C−TNTAs−NH2, and Ti/C−TNTAs−NH2@HEP. High-resolution scans of the Ti 2p, O
1s, C 1s, N 1s, and S 2p spectra (b, c, f) for Ti/C−TNTA (d, g, i), Ti/C−TNTAs−NH2 (e, h, j, k), and Ti/C−TNTAs−NH2@HEP.
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eventually reaching 62.20 mg g−1 after ten regeneration/reuse
cycles, which amounts to maintaining 90.11% of its initial
efficiency toward HEP electrosorption after ten cycles of reuse,

indicating the stability of the system. In addition, after several
usages of the Ti/C−TNTAs−NH2 plate, it is possible to
thoroughly clean its surface and prepare it for refunctionaliza-

Figure 5. (a) HEP desorption efficiency (%) of Ti/C−TNTAs−NH2@HEP as a function of the applied bias potential (NaCl concentration of 5%,
temperature of 55 °C, reaction time of 1 h). (b) Regeneration efficiency (%) of Ti/C−TNTAs−NH2@HEP as a function of NaCl concentration
(applied bias potential of +1400 mV, temperature of 65 °C, initial HEP concentration of 50 mg L−1, pH of 7, reaction time of 3 h). (c) Adsorption
capacity (mg g−1) and reusability of Ti/C−TNTAs−NH2(0.8%) toward HEP (50 mg L−1) as a function of regeneration cycles (applied bias
potential of +1400 mV, temperature of 65 °C, initial HEP concentration of 50 mg L−1, pH of 7, and reaction time of 3 h). (d) Adsorption efficiency
and selectivity of Ti/C−TNTAs−NH2 toward HEP in a mixture of HEP/BSA using different systems, including regular sorption (Ti/C−TNTAs−
NH2 without applying a potential) and electrosorption (anodic Ti/C−TNTAs−NH2/cathodic expanded graphite with an applied potential of
+1400 mV) (temperature of 65 °C, initial HEP concentration of 25 mg L−1, initial BSA concentration of 25 mg L−1, pH of 4, and reaction time of 3
h). (e) Specificity of the designed electrochemical system toward HEP in a mixture of HEP/CS (applied bias potential of +1400 mV, temperature
of 65 °C, initial HEP concentration of 50 mg L−1, initial CS concentration of 10 mg L−1, pH of 7, and reaction time of 3 h).
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tion by annealing at a high temperature or using an ultra-violet
light, due to the excellent photocatalytic behavior of the
anatase TNTs.55−57

Selectivity of Ti/C−TNTAs−NH2 toward HEP. Our main
purpose in designing this electrochemical system was to apply
it for the selective capture of HEP in the presence of a variety
of species available in a HEP digestion mixture from natural
tissue, including proteins, nucleic acids, etc. Because of this, we
used a synthetic mixture of HEP and BSA protein at the same
concentrations (25 mg L−1) as a model compound to simulate
a complex biological material to evaluate the selectivity of the
Ti/C−TNTAs−NH2 plate. An HPLC-DAD system equipped
with a Dionex IonPac AS11-HC column (2 mm × 250 mm)
and operated at a flow rate of 0.2 mL min−1 was used to
evaluate the concentration of each component in the mixture.
Final samples were run using an HPLC-DAD system to
evaluate the concentration of each component. In an
innovative idea, this time, the expanded form of a graphite
plate was used as a cathode, instead of the platinum plate. The
high capacity of expanded graphite in adsorption of proteins
such as BSA is well-known and frequently reported in the
literature.35,36 The setup and specificity of the designed
electrochemical system toward HEP in a mixture of HEP/
BSA are illustrated in Scheme 1d. Figure 5d shows the
adsorption efficiency and selectivity of HEP and BSA in a
mixture using different systems, including regular sorption (Ti/
C−TNTAs−NH2 without applying a potential) and electro-
sorption (anodic Ti/C−TNTAs−NH2/cathodic expanded
graphite with an applied +1400 mV potential). In the sorption
mode using only the Ti/C−TNTAs−NH2 plate and without
applying a potential, 73.56% of the HEP and 8.16% of the BSA
were adsorbed onto the plate. However, in electrosorption
mode with the Ti/C−TNTAs−NH2 plate as the anode and
expanded graphite as the cathode at a potential of +1400 mV,
92.13% of the HEP and 2.05% of the BSA were adsorbed onto
the anodic Ti/C−TNTAs−NH2, while 65.64% of the BSA was
adsorbed onto the cathodic expanded graphite. These results
clearly indicate the superiority of the electrosorption system
compared to traditional sorption in the selective separation of
HEP in the presence of protein molecules like BSA. We believe
the applied +1400 mV of potential makes the Ti/C−TNTAs−
NH2 anode more positively charged and therefore better able
to adsorb negatively charged HEP molecules with an average ζ
potential of −4.9 mV at pH 4. Meanwhile, the expanded
graphite cathode is negatively charged under these conditions,
which enables it to adsorb the positively charged BSA
molecules with an average ζ potential of +7.1 mV at pH 4.
It should be noted that the pH of the HEP/BSA mixture for
the selectivity test was adjusted to 4, since at this pH the HEP
and BSA feature opposite charges.
Additionally, we investigated the specificity of our electro-

chemical system by studying other kinds of probable
interfering species, such as CS, which is a negatively charged
sulfated glycosaminoglycan with a similar structure as HEP
(Figure 5e). A synthetic mixture of 50 mg L−1 HEP and 10 mg
L−1 CS was prepared, and a low concentration of CS was
selected because it acts as an interfering species. We observed
that our setup had a very low adsorption efficiency (3.29%)
toward CS. However, the adsorption efficiency for HEP was
just 50.91%. These results indicate the good sorption
specificity of the Ti/C−TNTAs−NH2 anode for HEP
molecules.

Real Sample Test. To demonstrate the actual performance
of our system, we evaluated its performance using a real sample
composed of a biological mixture containing HEP (50 mg L−1)
enzymatically isolated from porcine intestinal mucosa. The
initial and residual HEP concentration in the real sample
before and after electrosorption experiments was measured
using a HEP−ELISA kit (MyBiosource, San Diego, CA, USA).
An adsorption efficiency of 43.25% and capacity of 54.06 mg
g−1 were achieved using the anodic Ti/C−TNTAs−NH2 and
cathodic expanded graphite when the applied potential was
+1400 mV, the solution temperature was 65 °C, and the pH of
solution was 7. We further evaluated the performance of the
electrochemical system at different initial concentrations of the
real sample, prepared by dilution of the 50 mg L−1 stock
solution (Figure S8). The same trend was observed in the case
of the real samples at different initial concentrations, in which
the adsorption efficiency increased from 43.25% to about 100%
by dilution of the 50 mg L−1 real sample to 10 mg L−1.
However, the adsorption capacity decreased from 54.06 mg g−1

to 24.75 mg g−1 as the concentration of the real sample was
diluted to 10 mg L−1.
We also measured the anticoagulant potency of the HEP

desorbed from the surface of the Ti/C−TNTAs−NH@HEP
plate in the real sample test using a sheep plasma clotting assay
described in detail elsewhere.11,58 The ability of HEP desorbed
from the surface of the Ti/C−TNTAs−NH plate to prevent
the clotting of citrated sheep plasma was compared with that of
a HEP sodium reference standard, which was calibrated by
United States Pharmacopeia. The semiclotting point for HEP
electrodesorbed from the surface of the Ti/C−TNTAs−NH@
HEP plate was found to be 95 μL. The final recovered HEP
product had an anticoagulant potency of 2.93 U mL−1 and a
total bioactivity 2347 units, which fulfills the prerequisites of
the United States Pharmacopeia (see eq S1 in the Supporting
Information for calculations).

■ CONCLUSION
Herein, we have demonstrated an electrochemical system
composed of anodic Ti/C−TNTAs−NH2 and cathodic
expanded graphite, which we employed to electrochemically
capture and release HEP digested from porcine intestinal
mucosa, enabling it for further purification. Applying an
external potential played an important role in driving the
anionic HEP molecules onto the positively charged anodic Ti/
C−TNTAs−NH2 plate and improved the HEP adsorption
capacity from 42.95 mg g−1 to 51.49 mg g−1. The HEP
electrosorption efficiency improved with an increasing applied
bias potential (0 to +1400 mV vs SCE) and solution
temperature (25−65 °C); however, there was an optimal
concentration (0.8%) for APTES. Applying a cathodic
potential (−600 to −200 mV vs SCE) to the Ti/C−
TNTAs−NH2@HEP plate had a negative effect on the
regeneration of the plate and desorption of HEP from its
surface. The desorption of HEP from the plate surface can be
improved by applying an anodic potential to the plate (+200 to
+1400 mV vs SCE), as well as by increasing the concentration
of NaCl (2.5−36%) in solution. We characterized the anodic
Ti/C−TNTAs−NH2 and cathodic expanded graphite electro-
des using various techniques, including XRD, FTIR, TGA,
SEM, EDX, AFM, XPS, and water contact angle. XPS analysis
confirmed that the amine functional groups on the nanotube
surfaces are highly inclined toward the sulfonate groups of
HEP because of strong electrostatic interactions. We evaluated
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the productivity and selectivity of this electrochemical cell for
HEP in a simulated mixture of probable interfering species,
such as CS and BSA, as well as in a real sample composed of a
biological mixture including HEP enzymatically digested from
porcine intestinal mucosa. Our results demonstrate that this
electrochemical system has a very low adsorption efficiency
toward such probable interfering species (2.05% toward BSA
and 3.29% toward CS) and clearly demonstrates the strong
electrosorption specificity of HEP molecules.
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