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Integrated lignin-mediated adsorption-release process and electrochemical

reduction for the removal of trace Cr(VI)
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Abstract

Hexavalent chromium Cr(VI) is extremely toxic and is classified as human carcinogen, even at
trace concentrations. Hence, it is critical to develop reliable and efficacious methods for its
elimination. Here we report on the development of an effective lignin-mediated adsorption-
release process based upon the pH-dependent solubility of lignin to significantly enhance the
electrochemical removal of trace Cr(VI). The adsorption and pre-concentration of Cr(VI) was
carried out at pH 2.0, while the release and electrochemical reduction was performed at pH 11.0.
The 100% efficient release process was due to the complete dissolution of lignin within alkaline
solution. The released Cr(VI) ions were electrochemically reduced, forming insoluble Cr(OH)s,
which could be easily separated. This novel approach overcomes the drawback of non-
degradability in adsorption by the latter electrochemical reduction phase and the efficiency
limitation of electrochemical process by the prior preconcentration step. The new integrated
lignin-mediated adsorption-release and electrochemical reduction process proposed in this study

comprises a promising strategy for the removal of trace concentrations of Cr(VI).

Keywords: Hexavalent chromium; lignin; adsorption; preconcentration; electrochemical

reduction.
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1. Introduction

Recently, considerable attention has been focused on heavy metal (Cr, Cu, Hg, Pb and As)
pollution abatement, due to their severe toxicity within ecosystems and to human health." Among
these heavy metal effluents, chromium species, which are discharged from various industrial
processes, stand out as some of the most prominent hazardous contaminants.” There are two
stable Cr oxidation states, Cr(IlI) and Cr(VI), which present substantially disparate toxicity and
physicochemical properties.®> Cr(Ill) compounds are considered to be harmless with limited
mobility;* whereas Cr(VI) compounds are extremely toxic and classified as human carcinogen,
even at trace concentrations.” Furthermore, Cr(VI) compounds are highly soluble in most

. . 6
aqueous and biochemical systems.*’

Toward the reduction of Cr(VI) to recommended levels, several treatment techniques have
been attempted. Wastewater containing Cr(VI) is conventionally treated via the chemical
reduction of Cr(VI) to Cr(IIl) using SO, gas or NaHSO3, followed by pH-dependent precipitation
to insoluble Cr(III) hydroxide.® The disadvantages of this process include the large volume of
reducing agents consumed and residual sludge discharges.” Moreover, this technique is suitable
only for the treatment of wastewater that contains high Cr(VI) concentrations, and the residual
Cr(VI) is generally >8.7 ppm due to its low reduction efficiency.'® Alternatively, electrochemical
methods have gained increasing attention because of their operational versatility and “clean”
properties.'"'? The removal of Cr(VI) might be facilitated by electrogenerated Fe*" and A’ at

sacrificial Fe, Al electrodes (electrocoagulation)'>"

or by electrochemical reduction in acidic
and alkaline solutions (eq. (1) and eq. (2))."”""" However, those methods still suffer from low

efficiencies, and require relatively high initial Cr(VI) concentrations."!
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HCrO, + 7H' + 3¢ — Cr’* + 4H,0 (1)
CrO4* + 4H,0 + 3¢” — Cr(OH); + 50H Q)

In the interim, a wide range of techniques for Cr(VI) removal have been explored, such as ion

1819 membrane separation,” biodegradation’' and adsorption.”” Among these methods,

exchange,
it has been considered that adsorption is an efficient and cost-effective approach, even for the
removal of trace amounts of Cr(VI).>** Hence, significant efforts have been made in the
development of potential adsorbents for the removal of Cr(VI), including activated carbons,”’
agricultural by-products® and polymeric materials.”” Most recently, there has been an increasing
interest in low cost lignin-based adsorbents.”® Lignin is generated at a rate of 50 million tons/year
from wood residues (e.g., sawdust and paper mill discharges) and agricultural residues (e.g.,
wheat bran, corn stoves, etc).”’ This attention is garnered not only because lignin has a
comparable adsorption capacity to other natural sorbents, but is also due to its great beneficial
impact as a value-added biosorbent, rather than a discarded solid waste.”® Lignin is three
dimensional, extensively branched polyphenolic plant derived polymer. Its relatively low
solubility in acidic solution’’ and the presence of a large population of various oxygen-
containing groups within the surface structure, enable sorption performance via the mechanism
of physical adsorption, hydrogen bonding, as well as coordination and covalent-linking.**>*
However, the adsorption process transfers only the Cr(VI) from an aqueous solution to a solid

phase (lignin), while no degradation to Cr(III) is achieved, thus further development is

. 35
necessitated.

Here we report on an novel lignin-mediated adsorption-release process for effective

electrochemical removal of trace Cr(VI). It is known that lignin solubility is greatly pH-

3
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dependen‘[.36 It is insoluble in acidic solutions, which is favorable for the adsorption of Cr(VI).
Conversely, it is highly soluble in alkaline solutions, which allows complete release of adsorbed
Cr(VI) and the direct electrochemical reduction of Cr(VI) to Cr(Ill) precipitate, as depicted in
Equation 2. In the present study, the effect of the pH on the adsorption of Cr(VI) onto lignin has
been investigated. The release of the adsorbed Cr(VI) was carried out at pH 11.0 and Au
nanoparticles (NPs) supported on TiO, nanotube (NT) arrays were used as the electrode for the
electrochemical reduction of Cr(VI). The novel approach proposed in this study overcomes the
drawback of non-degradability in adsorption by subsequent electrochemical reduction and the

efficiency limitation of the electrochemical process that is imposed by the preconcentration step.
2. Materials and methods

2.1 Materials

All of the chemical reagents employed in this study were of analytic grade purity and used as
received from Sigma-Aldrich, including hydrofluoric acid (HF, 48 wt.% in H,0), dimethyl
sulfoxide (DMSO, > 99.5 wt.%), gold(IIl) chloride hydrate (99.8 wt.%), methanol (99.8 wt.%),
sulfuric acid (95.0 — 98.0 wt.%), sodium chromate (Cr(VI), 98.0 wt.%) and sodium hydroxide (>
98 wt.%). Ultrapure water (18.2 MQ-cm) was obtained from a NANO pure® Diamond™ UV
water purification system. The kraft lignin used in this study was extracted from black liquor,
provided by a local pulp and paper mill, using carbon dioxide (CO,). The precipitated lignin was
subsequently purified by rinsing with a dilute sulphuric acid solution. The electrolytes used in

this research were prepared via the dissolution of corresponding chemicals in ultrapure water.

2.2 Fabrication of the Ti/TiO,NT/Au electrode
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The Ti/TiO;NT/Au electrodes were prepared by a two-step process involving anodic
oxidation followed by photo-assisted deposition.”* A fresh Ti substrate (1 cm?) was cleaned via
sonication in acetone for 10 min followed by 10 min of immersion in ultrapure water, after
which it was chemically etched in an 18% HCI solution at 85 °C for 25 min. After being rinsed
with ultrapure water and dried in an Ar stream, the etched Ti substrate was anodized in a 2% (wt)
HF + DMSO solution with a counter electrode comprised of platinum foil. Anodization was
performed at 40 V for 8 h with a DC power supply, after which the sample was annealed at 450
OC for 3 h to obtain an anatase structure. For the decoration of Au NPs, the TiO, nanotube array
was placed in a deaerated 5 ml 50% (v/v) methanol solution that contained 0.3 mM HAuCl,.
Subsequently, photo-assisted deposition was carried out under UV light illumination for 15 min.
using a BlueWave TM 50 AS UV spot lamp (365 nm emission) with an intensity of ca. 20
mW/cm?®. Electrons and holes were generated under the UV irradiation; and the Au(Ill) ions
were reduced by the photo-generated electrons, forming Au nanoparticles on the TiO, nanotubes.
Finally, the electrode was rinsed with ultrapure water and dried in a vacuum oven at 40 °C. The
as-prepared electrode surface morphology and composition were characterized by a Hitachi SU-
70 Field emission scanning electron microscope (FE-SEM) with X-ray energy dispersive
spectrometry (EDS), while its crystalline structure was determined using an X'pert

PANanalytical Difftracometer with Cu Ka radiation.
2.3 Lignin-mediated adsorption and release of Cr(VI)

The adsorption performance of Cr(VI) was studied by immersing 60 mg of lignin in 200 mL
of a Cr(VI) solution (2 ppm) under continuous stirring at 25 °C. After different contact times or

experimental conditions, the suspension was centrifuged, whereafter the solution was analyzed
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using UV-Visible spectroscopy (Cary 50, Agilent Technologies). For comparison, the Cr(VI)
concentration was also measured using inductively coupled plasma atomic emission
spectroscopy (ICP-AES, Varian Vista Pro Radial). After the adsorption procedure, the solid
phase was separated, followed by its introduction into a 20 mL alkaline solution (pH = 11.0).

The as-prepared solution was thoroughly stirred to reach the dissolution equilibrium.

2.4 Electrochemical reduction of Cr(VI)

The electrochemical measurements as well as electrochemical reduction of Cr(VI) was
performed using a CHI (660B) workstation. The as-prepared Ti/TiO,NT/Au electrode was
utilized as the working electrode, while the counter and reference electrodes were comprised of a
Pt mesh and an Ag/AgCl (KCI saturated) electrode, respectively. Prior to each measurement, the
electrolytes were deaerated with Ar for 20 min and then maintained under an Ar atmosphere for
the duration of the measurements at room temperature (25 °C). The Ti/TiO,NT/Au electrode was
cycled in stationary solution with its corresponding scan rate and voltage range to obtain cyclic
voltammetric curves, while amperometric measurements were carried out in a stirred solution at
300 rpm with a fixed potential. It should be noted that the Cr(VI) concentration in this section
was determined using ICP-AES due to the interference effect of lignin toward UV-Visible

40
spectra.

3. Results and discussion

3.1 Characterization of fabricated Ti/TiO,NT/Au electrode

Our recent studies have revealed that there is a significant improvement in activity for the

electrochemical reduction of Cr(VI) at a Ti/TiO,NT/Au electrode as compared with a
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polycrystalline gold electrode, as the latter’s performance is contingent on its
nanoparticle/nanotubular heterojunction architectures."” As shown in Fig. 1, a well-organized
array of nanotubes (NTs) with an open top infrastructure was grown directly onto a Ti substrate
via anodic oxidation. The uniform diameter of these nanotubes was ~200 nm, with a wall
thickness of ~80 nm and length of ~ 4 - 5 um estimated from the cross-section SEM image. The
EDS of Fig. 2a exhibited strong Ti and O peaks, and the corresponding XRD peaks as shown in
Fig. 2b were identified as tetragonal anatase, indicating that the as-prepared nanotubes were
anatase TiO,. Additionally, the gold nanoparticles of ~20 nm in diameter were well decorated on
the formed TiO, NTs, as illustrated in Fig. 1. This was further confirmed by their corresponding
EDS and XRD peaks in Fig. 2a and 2b, respectively. It should be noted that a small volume of
~40 nm diameter Au nanoparticles were dispersed on the relatively longer nanotubes due to the
aggregating nature of the Au nanoparticles (NPs).*' The formed Au nanoparticles were very
stable on the surface of the TiO, nanotubes. It was clear that the as-prepared Au nanoparticle
TiO, nanotube arrays were highly ordered with metal-semiconductor heterojunction
infrastructures and high surface areas, which suggested potentially excellent electrochemical

performance.
3.2 Electrochemical reduction of trace Cr(VI)

The cyclic voltammetric (CV) measurements were carried out in an acidic solution to
determine the electrochemical reduction performance of trace Cr(VI) at the Ti/TiO,NT/Au
electrode. As shown in Fig. 3a, a relatively weak and broad reduction peak emerged at 0.18 V,
with a current density of 44 pA-cm™ in the presence of 2 ppm Cr(VI). No reduction peak was

observed in the same potential region of its corresponding blank CV curve without Cr(VI),
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which indicated that this peak was attributed to Cr(VI) reduction. Further, there was no
corresponding oxidation peak in the reverse scan of the CV curve in the presence of Cr(VI),
which suggested an electrochemically irreversible reaction. The slight downward shift of the CV
curve as compared to its blank curve might be attributed to the effect of the Cr(VI) reduction
wave.”? Clearly, although the Ti/TiO,NT/Au electrodes possess excellent electrochemical
activity toward the reduction of Cr(VI)," their practical application for the removal of Cr(VI) is

still limited by the low concentration of the trace Cr(VI).

To further characterize the electrochemical removal of trace Cr(VI), chronoamperometry was
employed and the measurement was conducted at a constant potential of 0.18 V, which is the
peak potential seen in the reduction of Cr(VI) in Fig. 3a. As shown in Fig. 3b, an initial current
density of 55 pA-cm™ was observed in the stirring solution. Additionally, a gradual decay of
cathodic current density with increasing reaction time was observed, which might be due to the
decrease of the concentration of Cr(VI) and the potential poisoning effect on the electrode
surface. It has been shown the reaction product of Cr’*, as mentioned in Equation 1, could be
adsorbed on the gold electrode surface.*” Therefore, Cr’* would tenaciously begin to accumulate
when its removal reaction could not keep pace with the continuous reduction of Cr(VI), leading
to the decay of the Cr(VI) reduction current density. Consequently, as shown in the UV-Vis
spectra (inset of Fig. 3b), the removal efficiency of the electrochemical reduction of trace Cr(VI)

was found to be only 22% subsequent to a two-hour treatment time.
3.3 Adsorption of trace Cr(VI) by lignin

3.3.1 Effect of the pH on Cr(VI) adsorption
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The pH of aqueous media is of great importance for the Cr(VI) adsorption process, since the
pH influences not only the Cr speciation, but also the surface properties of the adsorbent.’** As
shown in Fig. 4, the role of pH on the adsorption of Cr(VI) onto lignin was determined by
varying the initial pH of solution, which ranged from 1.0 to 7.0. The optimized removal
performance was achieved at a pH of 2.0. This phenomenon was due to the competition effect
between surface exchange reactions and Cr(VI) speciation. It has been demonstrated Cr(VI)
adsorption onto lignin originated mainly from the electrostatic attraction between negatively
charged Cr(VI) ions and protonated (positively charged) functional groups that were present on
the adsorbent surface.”® The higher the proton concentration of the aqueous solution, the better
the H' association was toward carboxyl, phenolic and hydroxyl groups on the lignin surface,
which led to the increasing efficiency of Cr(VI) adsorption. In addition, the decrease of
adsorption capacity from pH 2.0 to 1.0 was possibly due to pH-dependent Cr(VI) speciation,*
where Cr(VI) was transferred from HCrO4 and Cr2072' to neutral H,CrOy, thereby decreasing
the affinity between Cr(VI) and the surface charged lignin adsorbent. Consequently, a pH of 2.0

was selected as the optimized value for the following investigations.
3.3.2 Adsorption isotherm

In order to determine the adsorption properties of lignin toward Cr(VI), the adsorption
isotherm at a pH of 2.0 was measured by altering the initial Cr(VI) concentration, from 1 to 20

ppm, and the data was fitted utilizing the common Langmuir isotherm model as follows:*”

c C 1
f=—tt—— 4)
9. 9, 4.K
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where the C. (mg/L) is the equilibrium Cr(VI) concentration, q. (mg/g) is the equilibrium
adsorption capacity of lignin, g, (mg/g) is the maximum adsorption capacity of lignin, and K is
the Langmuir isotherm constant. As shown in Fig. 5, the experimental data was fitted excellently
by the Langmuir model (R? = 0.998), suggesting a monolayer adsorption process. Further, the
maximum adsorption capacity qm was calculated to be 33.33 mg/g, which was well comparable
to the value previously reported (31.6 mg/g).*® Clearly, lignin exhibited an efficient and reliable

adsorption capacity for Cr(VI).

3.3.3 Trace Cr(VI) removal

The effect of the treatment time on the adsorption of trace Cr(VI) was performed to better
illustrated its advantages, as compared to the direct electrochemical reduction mentioned above.
As shown in Fig. 6, the adsorption rate was considerably rapid and attained equilibrium within 2
hours, suggesting a good electrostatic affinity between the negatively charged Cr(VI) ions and
the protonated (positively charged) functional groups present on the lignin surface. More
importantly, a nearly 94% adsorption removal of 2 ppm Cr(VI) was achieved as compared to the
value of 22% via direct electroreduction at pH = 2.0, indicating lignin-based adsorption as an
efficient and cost-effective approach for the removal of trace Cr(VI). The adsorption efficiency
of Cr(VI) onto lignin was also measured by ICP-AES, and consistent results were obtained,
showing that either UV-vis spectroscopy or ICP-AES can be employed to effectively monitor the

concentration of Cr(VI).

3.4 Enhanced electrochemical Cr(VI) reduction by preconcentration

It is known that the electrochemical strategy for trace contaminant removal typically suffers

from concentration-dependent slow mass transfer and sluggish reaction kinetics, leading to low

10
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current efficiency. As shown in the above section, the removal efficiency of electrochemical
reduction for 2 ppm Cr(VI) was found to be only 22% following a 2 hour treatment period. In
order to improve electrochemical performance, a lignin-mediated adsorption-release process was
carried out. After two-hour adsorption treatment, ~94% of 2 ppm Cr(VI) was efficiently removed
due to a good electrostatic affinity between Cr(VI) ions and protonated functional groups on the
lignin surface. To release and pre-concentrate the adsorbed Cr(VI), the NaOH solution was
employed and the final pH was set to be 11, while its volume was 1/10 of the previous solution
in the adsorption section. As shown in Fig. 7, the Cr(VI) concentration was found to be 18.8 ppm
and a release efficiency of 100 % was achieved, which is due to the fact that the adsorbent lignin

could be completely dissolved in the alkaline solution.

Fig. 7a presents the CVs of the Ti/TiO,NT/Au electrode recorded in the blank, lignin and
lignin-mediated Cr(VI) solutions, respectively. The CV curve for the blank solution exhibited the
hydrogen adsorption/desorption peaks at a potential of between -0.45 and -0.86 V, while there
were two wide and broad reduction peaks that emerged at the potentials of between ~ -0.12 and -
0.70 V in the CV curve of lignin solution, which were possibly due to the adsorption of lignin
and its reduction intermediate at the electrode surface.” In contrast, there was a sharp and well
defined reduction peak at -0.74 V, with its corresponding weak oxidation peak at -0.59 V, which
was attributed to Cr(VI) reduction and re-oxidation. It was suggested that the lignin-related
reductions were inhibited by the disappearance of the reduction reaction at -0.12V, while the
change of other at -0.70 V could not be distinguished. This was due to the fact that gold
nanoparticle based electrodes are highly electrochemically reactive toward the reduction of
Cr(VI)."” More importantly, a peak current of ~350 pA for the reduction of Cr(VI) was observed

in the preconcentrate solution, as compared to 44 pA in the original solution at 2 ppm Cr(VI).

11
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Clearly, the electrochemical Cr(VI) reduction was significantly improved due to the strategy of a

lignin-mediated adsorption-release process.

To further confirm the enhanced performance of electrochemical Cr(VI) reduction,
chronoamperometry was performed at a fixed potential of -0.74 V, which is the peak potential of
Cr(VI) reduction (Fig. 7a). As shown in Fig. 7b, an initial current density of 402 pA-cm™ was
observed, and a good current density stability was obtained. This was due to the lignin-mediated
preconcentration and the rapid removal of the reaction product as Cr(IIl) precipitate (equation 2)
in an alkaline solution. As a result, the electrochemical reduction efficiency of 18.8 ppm Cr(VI)
was found to be 89% in the preconcentrate solution. For comparison, chronoamperometry was
also performed at -0.74 V in a 20 mL of 2 ppm Cr(V]) solution, where pH was adjusted to 11.0
using NaOH, revealing that the electrochemical reduction efficiency of Cr was 21.5% during the
two-hour treatment period. The dramatic decrease of the electrochemical reduction efficiency
can be attributed to the much slower of the mass transfer of Cr(VI) from the bulk solution to the
electrode surface due to the significant decrease of the initial concentration of Cr(VI). In
addition, the reaction product was insoluble Cr(OH);, which could be easily recovered from the
resulting suspension, indicating the integrated lignin-mediated adsorption-release process and

electrochemical reduction is a promising practical application for the removal of trace Cr(VI).
4. Conclusions

A novel integrated lignin-mediated adsorption-release process and electrochemical reduction
for the removal of trace Cr(VI) was developed. By adjusting the pH and volume of solutions, the
lignin-mediated adsorption and release of Cr(VI) was achieved. Nearly 94% of 2 ppm Cr(VI)

was removed by adsorption onto the surface of lignin in comparison to the value of 22% via

12
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direct electroreduction at Ti/TiO,NT/Au electrode in acidic solution. The Cr(VI) concentration
was found to be 18.8 ppm subsequent to the 100% efficient release process, which was due to
complete dissolution of the lignin in the alkaline solution. Moreover, the removal efficiency of
Cr(VI) via electrochemical reduction was significantly improved to 89% in the preconcentrate
solution. The reaction product was comprised of insoluble Cr(OH);, which could be easily
recovered from the suspension, showing that the new integrated lignin-mediated adsorption-
release and electrochemical reduction processes proposed in this study is a promising strategy for

the removal and recovery of trace concentrations of Cr(VI).
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Figure Captions

Fig. 1. SEM images of the as prepared Au nanoparticle modified TiO, nanotube electrode
Fig. 2. (a) EDX and (b) XRD spectra of the as prepared Ti/TiO,NT/Au electrode

Fig. 3. (a) Cyclic voltammograms recorded at Ti/TiO,NT/Au electrode in the absence and
presence of 2.0 ppm Cr(VI), pH = 2.0; (b) removal of Cr(VI) by electrochemical (EC) treatment
at Ti/TiO,NT/Au electrode, potential = 0.18 V, inset: the comparison of UV-Vis spectroscopy

via before and after treatment, pH = 2.0.

Fig. 4. The effect of pH on the adsorption of 2.0 ppm Cr(VI) by 0.3 g/L lignin for a two-hour

period.

Fig. 5. The adsorption isotherms of Cr(VI) adsorbed onto lignin in aqueous solution (pH = 2.0, t

=2 h, adsorbent dose = 0.3 g/L)

Fig. 6. Plots of the removal of Cr(VI) by lignin (pH = 2.0, lignin = 0.3 g/L) versus the adsorption
time determined using the UV-Vis spectroscopy (circle) and ICP-AES analysis. Inset: the
comparison of UV-vis spectroscopy of the solution prior to and following different treatment

times.

Fig. 7. Cyclic voltammograms recorded at Ti/TiO,NT/Au electrode in the blank solution, 3 g/L
lignin solution and the preconcentrate Cr(VI) solution (3 g/L lignin, 18.8 ppm Cr(VI)), pH =

11.0; (b) removal of Cr(VI) by electrochemical treatment at Ti/TiO,NT/Au electrode.

Table 1. Comparison of the electrochemical performance for Cr(VI) reduction prior to and
following the preconcentration step

17
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Table 1. Comparison of the electrochemical performance for Cr(VI) reduction prior to and

following the preconcentration step

Corvn/ ppm Epe/V?  ipe/pA-em™ * i/ pA° i/ pA® Removal / % pH
(VD p p

2 0.18 44 55 12 22 2.0

18.8 -0.74 350 402 360 89 11.0

*Peak potential and current density of Cr(VI) reduction in cyclic voltammetry curves

®Initial (i;) and final (if) current density of Cr(VI) reduction in chronoamperometry measurements

18
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