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Adsorption of perrhenate ion by bio-char produced from
Acidosasa edulis shoot shell in aqueous solution

Hui Hu*, Banggiang Jiang, Jubin Zhang, Xiaohui Chen

Perrhenate ions adsorption by the bio-char prepared from Acidosasa edulis shoot shell at 773K was investigated under
acidic conditions. The effects of some important parameters including initial pH (1.0-6.0), adsorbent dose (0.8-8.0 g-L'l),
contact time (2-480 min) and initial perrhenate ions concentration (10-100 mg-L™") were tested on the recovery of
perrhenate ions from aqueous solution in batch experiments. The adsorbent was characterized by Scanning Electron
Microscopy equipped with an energy-dispersive X-ray spectroscopy (SEM-EDX), Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy (ATR-FTIR) and specific surface area analysis. The adsorption data were well described by
Freundlich isotherm and maximum perrhenate ions adsorption capacities of 14.6 mg-g™ for Acidosasa edulis shoot shell
bio-char under the optimum conditions. Kinetics of adsorption was found to follow the pseudo-second-order rate
equation. Thermodynamic analysis suggested that the adsorption was an endothermic process and occur spontaneously.
FTIR analysis confirmed a major involvement of the participation of hydroxyl and carboxyl groups during perrhenate ions
adsorption. Further more than 94% of total rhenium adsorbed could be recovered using 0.1 mol-L* KOH as desorption
medium. The mechanism analysis indicated that the outer-sphere complexes and electronic attraction mechanism were
involved in the adsorption of perrhenate ions. Results from this study indicated that AESS waste derived bio-char can act

as an effective adsorbent material for perrhenate ions recovery from copper smelting acidic wastewater.

1. Introduction

Rhenium (Re) is an important rare disperse metal, the average
abundance of rhenium less than one part per billion in the earth’s
crust . According to statistics, identified rhenium resources are
estimated to be about only 2500 ton in the world 2, Considering the
declining resource of rhenium against the increasing demand,
efforts should be made for searching the new sources of rhenium.

Copper concentrate, which is the raw materials of copper
smelting industry, contains trace amount of rhenium. In
pyrometallurgical processing of copper concentrates, more than
80% of rhenium is distributed in copper smelting acidic wastewater
in the form of HReO, ® And copper smelting acidic wastewater has
the characteristics of high acidity (pH value ~1) and low rhenium
concentration (~10 mg-L'l). At present, solvent extraction 4, ion
exchange * and chemical precipitation ® are major methods that
have been applied to recover rhenium from copper smelting acidic
wastewater. However, these methods have their own inherent
limitations such as the complexity of technological process,
secondary pollution, high energy requirements and high cost in the
processing of low concentration rhenium recovery. Adsorption, as a
promising technique, has been proved to be a simple and
economical technology for metals recovery 7% Various adsorbents
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have been developed and used for perrhenate ions recovery,
including persimmon residua 9, orange peel 10, brown algae " and
impregnated resin 12 However, some of these adsorbents have low
adsorption capacities or have difficulty for regeneration and reuse.
Therefore, it is necessary to develop an adsorbent with high
adsorption capacity, high-efficiency and environment-friendly that
can be applied to recover rhenium from copper smelting acidic
wastewater.

Bio-char is a pyrogenic carbon material produced by combustion
of biomass, such as wood, dairy manure under oxygen limited and
at relatively low temperatures (<973 K) conditions 1316 Now, bio-
char has been widely applied in soil improvement v fertility
enhancement *® and carbon sequestration 3 Moreover, Bio-char,
due to its large specific surface area, porous structure, enriched
surface functional groups and mineral components, makes it
possible to be used as a potential adsorbent with high adsorption
capacity to recover metal ions of low concentration from aqueous
solutions %°. The conversion of agricultural and forest residues into
bio-char by biomass carbonization technology to dispose sewage
and recover metal ions is a new resource utilization technology of
agricultural and forest residues in recent years.

Acidosasa edulis is cultivated in Fujian province of China, and
the shoot output is approximately 20 tons per hectare. Acidosasa
edulis shoot shell (AESS), a by-product of the bamboo shoot
processing industry, is an abundant and renewable agricultural
residue. However, they are usually eliminated by either burning or
discarding in the fields, causing severe environment contamination.
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The investigation of the Acidosasa edulis shoot shell as adsorbent to
recover copper ions from sewage has been completed in our
previous paper 1 The results showed that AESS could be used as an
effective and low-cost biosorbent for Cu** removal from aqueous
solutions, but its adsorption capacity is not strong enough. Similar
results were also reported in the study of copper adsorption by
Freely Suspended Sargassum 22, Exhausted Coffee 3 and Pretreated
Aspergillus Niger * In order to solve this problem, Acidosasa edulis
shoot shell was prepared to Acidosasa edulis shoot shell bio-char
(ASBC) as a potential adsorbent for the recovery of perrhenate ions
in this paper. Until now, there are no reports on such usage of bio-
char as an adsorbent for the recovery of rhenium.

The main objective of this study was to investigate the
adsorption ability of Re (V/I) by ASBC in aqueous solution. In this
study, bio-char was characterized by Scanning Electron Microscopy
equipped with an X-ray detector (SEM-EDX), Attenuated total
Reflection Fourier Transform Infrared Spectroscopy (ATR-FTIR) and
Brunauer—Emmett—Teller (BET) analysis. Batch experiments were
used to study the adsorption of Re (VII) by ASBC. In addition, the
kinetics and isotherms of rhenium adsorption onto ASBC were
investigated to understand the underlying mechanism and the
thermodynamic functions variations (AHO, ASO, and AGO) are
evaluated and discussed.

2. Materials and methods
2.1 Bio-char preparation

Acidosasa edulis shoot shell was collected from a market in Minhou
County, Fujian Province, PR China. Firstly, the collected materials
were washed several times with tap water and after this with
distilled water to clean the adhering dirt. Secondly, the washed
materials were dried in the oven at 333 K for more than 48h. Then
the dried AESS was ground and sieved through a 180um sieve.
Finally, the resulting product was stored in airtight container for
later use.

The method of bio-char preparation could be described as
follows % The ground AESS was placed in a ceramic crucible with a
lid and pyrolyzed in a muffle furnace under oxygen-limited
condition. Feedstock was carbonized at the peak temperature of
773 K for 1 h. The resulting sample was cooled to room
temperature inside the furnace and then washed with distilled
water to neutral. The residue was dried at 353 K for 24 h to removal
the moisture. The obtained bio-char was stored in desiccators for
the following experiments.

2.2 Bio-char characterization

The pore structure characteristics of the resulting bio-char were
determined by nitrogen adsorption at 77 K using an automatic
adsorption instrument with + 0.15% accuracy (ASAP2020M+C, USA).
Prior to gas adsorption measurements, the samples were degassed
at 523 K in a vacuum condition for 6h. Adsorption data were
obtained over a relative pressure, P/P,, ranging from approximately
10° to 1. The specific surface area of ASBC was measured by using
the Brunauer—Emmett-Teller (BET) nitrogen adsorption isotherm
method. The total pore volumes (V,, ms-g'l) were estimated to be
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the liquid volumes of N, at a high relative pressure near unity
(~0.99).

The surface morphology of the ASBC before and after
adsorption was analyzed by a scanning electron microscopy (HIROX
SH-4000M). EDX analyses were conducted by using X-Flash Six
Model Energy Dispersive X-ray Microanalysis System (Bruker
Corporation, USA) attached to SEM. Accelerating voltage was kept
constant at 20 kV, to facilitate the emission of secondary X-rays.

Attenuated total reflection Fourier transform infrared
spectroscopy (Thermo Nicolet iS50 ATR-FTIR, USA) was used to
determine both active groups and changes in vibrational
frequencies in the functional groups of the ASBC and ASBC loaded
with rhenium. The spectra were obtained within the wavenumber
range of 4000-400 cm™ with a 4 cm™ resolution. The influence of
atmospheric water and CO, was always subtracted. The baseline of
the raw data was adjusted and then the modified data were
normalized, by OMNIC 8.2.0.387 software (Thermo Scientific, USA).
Before FTIR analysis, the samples were dried in an oven at 333K for
24 h.

Bio-char surface acid functional group distribution was
determined using the Boehm titration method 2 First of all, 50 mL
of 0.05 mol-L™ titrating solution and 0.2 g of ASBC were added to a
100mL conical flask. Then the flask was immersed in a constant-
temperature water bath set at 298 K for 5 days. And the flask was
agitated manually three times a day. Afterwards, a sample of 10mL
was collected and 20 mL of 0.05 mol-L™ hydrochloric acid was added,
finally all solutions were titrated with 0.05 mol-L™ NaOH solution
with phenolphthalein as indicator. The titration was carried out in

triplicates.

Procedure for determination of the point of zero charge (pH,,)
%, To a series of 20-mL glass vials, 10mL 0.01 mol-L™" of NaCl
aqueous solution was transferred in each vial. The pH; values of the
solution were roughly adjusted from 2 to 12 by adding either 0.1
mol-L™" HCl or 0.1 mol-L* NaOH. The pH; values of the solutions
were then accurately noted. 0.1 g of ASBC was added to each vial,
which were securely capped immediately. The suspensions were
then shaken in an orbital shaker and allowed to equilibrate for 48 h.
The pH values of the supernatant liquid were noted. The difference
between the final pH (pH¢) and initial pH; values (ApH= pH¢-pH;) was
plotted against the pH;. The point of intersection of the resulting
curve at which ApH 0 gave the pH,,..

The pH value of ASBC was measured in deionized water at the
ratio of 1:20 w/v after being shaken for 24 h at 160 rpm (SHA-B,
China).

2.3 Solution preparation

A stock solution containing 1g‘L'1 Re (Vi) was prepared by dissolving
0.1554 g analytical grade KReO, in 100 mL deionized water. Then a
series of Re (VI/) solutions with various concentrations (20, 40, 60,
80, and 100 mg-L'l) were prepared by successive dilution. All the
experimental solutions were prepared by diluting the stock solution
with deionized water. And the solution pH was adjusted by the
addition of 0.1 mol-L™ HCl or 0.1 mol-L™ NaOH.

2.4 Batch adsorption studies

This journal is © The Royal Society of Chemistry 2015
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The adsorption experiments of Re (VI/) on ASBC were performed by
using a batch equilibration technique. Each experiment was
conducted on orbital shaker at 160 rpm for 8 h at 298 K in 20-mL
glass vial containing 10 mL of adsorbate solution at optimum pH
(pH=1). After agitation the contents of the vials were filtered. The
Re (VII) concentration in the filtrate was subsequently determined
by UV Spectrophotometer.

The effect of solution adsorbent dose (range 0.8-8.0 g-L'l),
contact time (2-480 min), pH (1.0-6.0) and temperature (298, 303
and 308K) on the adsorption rate and capacity were studied.

The test of adsorbent dosage effect was carried out at different
concentrations in the range of 0.8 to 8.0 g‘L'1 with the initial
adsorbate solution pH=1 and suspensions were shaken at 298 K for
480 min.

The optimum contact time was determined by varying the
contact time in the range of 2-480 min at a constant adsorbent
dosage (3 g-L'l) and temperature (298 K) for 480 min.

The effect of pH on adsorption of Re (VIlI) by ASBC was
investigated: 10 mL of 20 mg-L'1 KReO, with different pH (1.0-6.0)
was placed in 20-mL empty glass vials and 0.03 g of ASBC then
added to each vial.

For adsorption isotherms, a series of 20-mL glass vials were
filled with 10 mL Re(V/l) solution of varying concentrations (20-100
mg-L'l), maintained at the desired pH (pH=1) and adsorbent dosage
(3 g-L'l). Then an equal amount of ASBC was added into each glass
vial. After the optimum uptake time (480 min) the concentrations of
rhenium ions were calculated by taking the difference in their initial
and final concentrations. The experiments were repeated at 298,
303 and 308 K, respectively.

To obtain adsorption kinetic data, the adsorbent (3 g-L'l) was
suspended in rhenium solutions (20 mg-L'l) at three different
temperatures i.e. 298, 303 and 308 K wherein the extent of
adsorption was analyzed at regular time interval.

The amount of Re (VII) adsorbed per unit mass of the adsorbent
was evaluated by using the following mass balance equation,

=tV o
where g; (mg-g'l) is the adsorption capacity of the adsorbent. Initial,
final concentrations of the metal ions are denoted by C, G,
respectively. W is the mass of the adsorbent (g) taken in V volume
of solution (L).

The percent recovery of Re (VII) was calculated as follows:
Ci _C;
% Recovery of Re(VIl)= TXIOO (2)
where C; is the initial concentration of adsorbate and C;stands for
the final concentration measured after adsorption.

2.5 Regeneration and reuse of adsorbent

In order to determine the reusability of the adsorbent, consecutive
adsorption—desorption cycles (Fig.51) were repeated three times.
For this, 0.1mol-L™" KOH, was used as the desorbing agent.

In each cycle, the ASBC was loaded with rhenium ions by adding
0.03 g of dried ASBC to 10 mL of metal solution with a constant

This journal is © The Royal Society of Chemistry 2015

concentration of 20 mg-L'1 at pH value of 1 at 303 K. The suspension
was shaken for 8 h at a speed of 160 rpm. Then the ASBC loaded
with rhenium was placed in the desorbing medium and was
constantly stirred on a rotatory shaker at 160 rpm for 24 h at 303 K.
After each cycle of adsorption and desorption, the ASBC biomass
was filtered and the filtrate was used to determine the Re (VII)
concentration and reconditioned for adsorption in the succeeding
cycle. The desorption performance was determined as follows:
g:ixm()% (3)
(Cu 7C1)V|
where € is the desorption performance, C,, C; and G, are the initial,
adsorption and desorption equilibrium concentration of Re(VIl);
V.V, stands for the volume of adsorption and desorption,
respectively.

2.6 Adsorption models

2.6.1 Kinetic models

For fitting of kinetic data, the models of pseudo-first-order 27,

28 L 29 . -
pseudo-second-order “°, Elovich and Intra-particle diffusion
30 . . .

were used. The linear equations are given as follows:

a. Pseudo-first-order model (PFO)

log(g, —q,)=logq, - 2.];‘031 (4)
b. Pseudo-second-order model (PSO)
R (5)
9 k4. 4.
h=kq (6)
c. Elovich model
q, :lln(aﬁ)+llnt (7)
B B
d. Intra-particle model (IPD)
g =ki"+C (8)

where g; and g, are the amount of metal ion adsorbed at any given
time (t) and at equilibrium (mg-g'l), respectively. k; (min'l) is the
rate constant for pseudo-first-order model. k, (g-mg'l-min'l) is the
rate constant for pseudo-second-order. h (mg-g'l-min'l) is the initial
adsorption rate at t = 0. a (mg-g'l-min'l) is the initial sorption rate
constant, and B (g-mg'l) is related to the extent of surface coverage
and activation energy for chemisorption. k, (mg-g'l-min'o"r’) is the
intra-particle diffusion rate constant.

Pseudo-first order kinetic model was based on the assumption
of physic-sorption process 31, while pseudo-second order model
was based on the assumption that the rate-limiting step may be
chemical sorption involving valency forces through sharing or
exchange of electrons between the adsorbent and adsorbate % The
Elovich equation is a valuable tool to examine any changes of
surface reactivity in the adsorbent during the whole course of
reaction time. Any changes of the reactivity of sorption sites on
surface should be reflected in breaks of the Elovich linear plot 2 1t
has been used not only for describing involving
chemisorption of gases on a solid surface, but also for simulating
sorption kinetics in a liquid phase 2 The intra-particle diffusion
model is used to determine the rate limiting step of the adsorption

reactions
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kinetics. When the intra-particle mass transfer resistance is the rate
limiting step, then the sorption process is described as being
particle diffusion controlled. If the plot of g; versus %% satisfies the
linear relationship and passes through the origin, then the sorption
process is controlled by intra-particle diffusion only. But, if the data
exhibit multi-linear plots, then sorption process may influenced by
two or more steps 2" %,

2.6.2 Isotherm models

Adsorption isotherms are mainly used to describe how adsorbate
ions or molecules interact with adsorbent surface sites and its
degree of accumulation onto adsorbent surface at a constant
temperature. In this study, three two-parameter isotherm
equations, namely, Langmuir 33, Freundlich 34, Temkin * have been
used to fit the experimental data. The equations are given as
follows:

a. Langmuir isotherm model

I K, C,
g =" (9)
I+K,C,
b. Freundlich isotherm model
g.=K,C/r (10)
c. Temkin isotherm model
RT
qE :TIH(AC(,) (ll)

where C, is the equilibrium concentration of adsobate (mg-L'l), ge is
the equilibrium amount of metal adsorbed on ASBC (mg-g'l), Qmax IS
the maximum loading capacity of ASBC (mg-g'l), K, is the Langmuir
isotherm constant related to the energy of adsorption (L-mg'l), Ky is
the Freundlich isotherm constant related to the adsorption capacity
((mg"™™.L*"g™), 1/n is the heterogeneity factor, A is a Temkin
isotherm equilibrium binding constant which takes into account the
interactions between the adsorbate and the adsorbent (L-mg'l), Ris
the universal gas constant (8.314 J-mol'l-K'l), b is Temkin isotherm
constant related to heat of adsorption (J-mol'l), T is the absolute
temperature (K) and M is the molar mass of metal ions.

The Langmuir isotherm model describes quantitatively about
the formation of a monolayer adsorbate on the outer surface of the
adsorbent and after that no further adsorption takes place. In
addition, Langmuir represents the equilibrium distribution of
adsorbate between the solid and liquid phases 3 The Freundlich
isotherm equation is an empirical equation used for the description
of multilayer adsorption with interaction between adsorbed
molecules, and it is widely used to describe adsorption onto a
heterogeneous surface and a multilayer sorption occurs on the
surface. **. The Temkin isotherm based on the assumption that the
decline of the heat of sorption as a function of temperature is linear
rather than logarithmic 3,

2.6.3 Thermodynamic models

To describe thermodynamic behavior of the adsorption of Re
(VIl) onto ASBC, thermodynamic parameters such as Gibbs free

4 | RSC Advances, 2015, 00, 1-3

energy change (AGO), enthalpy change (AHO) and entropy change
(ASU) for the adsorption systems were calculated by using the
following equations:

AG’=-RTIn(K") (12)
AG® =AH"-TAS" (13)
0 0
ke A5 A1 (14)
R RT

where R is the gas constant (8.314 J-(moI-K)'l), T is the absolute
temperature (K), K is Langmuir constant. AGC is the standard free
energy change of the ion exchange (kJ-moI'l), AH® is the enthalpy
(kJ-moI'l), A5 s the entropy (J-mol'l-K'l).

3. Results and discussion
3.1 Characterization of ASBC
3.1.1 Physico-chemical characteristics

The physico-chemical characteristics of the ASBC used in this
experiment are shown in Table S1. The pH values of the ASBC is
alkaline, which may be influenced by two factors as follows: (i)
organic function groups and (ii) inorganic alkalis 38 ASBC had the
higher specific surface area (6.368 mz-gfl), compared to peanut
shell derived bio-char (5.06 mz-gfl) at the same temperature 39,
which may contribute to the Re (VI/) adsorption. The pHpzc was
used to assess the surface properties of the ASBC adsorbent. An
adsorbent surface is positively charged at pH < pHpzc and is
negatively charged at pH > pHpzc. The pHpzc of the ASBC adsorbent
was found to be 7.74 (Table S1). Thus, ASBC surfaces are become
positively charged in acidic solution, which will help to perrhenate
anion adsorption on ASBC.

Table S2 compiles the results of surface acidic functional groups
of ASBC detected by the method of Boehm titration. These polar
functional groups may form active sites for adsorption on the
material surface. Results of active sites determination on ASBC
reveal that it contains 0.0381mmo|-g'1 of carboxylic group,
0.0193mmol-g'1 of lactone group, O.3941mmo|-g'1 of phenolic group
and a total acidity 0.4515 mmol-g'l. These acidic function groups
could transform into —COOH?*, ~OH** or =C=OH" by reaction with H*
in the solution. The more that these cations existed on the ASBC
surface, the better the recovery of perrhenate anion via adsorption
from aqueous solution. The predominant acid group in ASBC is the
phenolic group and carboxylic group comes second, both of them
are contributed to the Re (VI//) adsorption on ASBC.

3.1.2 SEM-EDX analysis

The SEM analysis of ASBC reveals important information on the
surface morphology (Fig.1). Fig.1 clearly demonstrates porous and
rough surfaces with a disorganized structural pattern of ASBC and
the pore sizes are inconsistent, which was of importance to liquid-
solid adsorption processes . The pores can be attributed to

escaping volatiles during high temperature decomposition “a,

This journal is © The Royal Society of Chemistry 2015
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Fig. 1. SEM micrograph of (a) (b) ASBC, (c) ASBC-Re and (d) X-ray elemental mapping.

In the present study, Energy Dispersive X-ray analysis of the raw
as well as rhenium adsorbed adsorbents viz. ASBC was performed in
order to study the surface changes of the elements. As shown in
Fig. S2, carbon and oxygen are the main constituents of ASBC. Apart
from that nitrogen, potassium, silicon and sodium are also present
in low proportion. In the EDX spectrum of ASBC after Re (V/I)
adsorption, a new peak of Re (VI/) emerged, which confirmed that
the rhenium was adsorbed onto it. Furthermore, the Re elemental
mapping shows the presence of rhenium onto bio-char in irregular
ways. That irregular contribution of rhenium loaded onto bio-char
surface indicates their heterogeneous structure.

3.1.3 FT-IR analysis

The FTIR spectrum is carried out as a qualitative analysis to
investigate the main functional groups that are involved in the
adsorption process. Fig.2 showed the ATR-FTIR spectra of ASBC
before and after adsorption of Re (V//). In the case of ASBC, the
spectra display several vibrational bands indicating the complex
nature of the materials. As shown in Fig.2, the absorption peak
around 3340 cm™ can be assigned to O—-H stretching vibration "
Peak at 1700 cm™ is C=0 stretching vibration of carboxyl groups.
The peak at 1571 cm™ can be assigned to C=C stretching vibration

This journal is © The Royal Society of Chemistry 2015

of aromatic rings 2 Bands at 1061 and 1359 cm™ may indicated the
stretching vibration of O-H and C-O stretching vibration of
carboxylic groups  The band observed at 881 and 749 cm™ was
assigned to C-H stretching vibration of aromatic compounds 39

Absorbance

4000 3800 3200 2500 2400 2000 1600 1200 800 400
Wavenumber (cm™)

Fig. 2. ATR-FTIR spectra for ASBC (a) and (b) after perrhenate

adsorption.
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Compared with the spectra of ASBC, the intensity of the O-H
stretching peak of the ASBC at the region of 3340 em™ has been
found to be increased after adsorption, which indicated significant
hydrogen-bonding interactions in acidic conditions. A new band
close to 1700 cm™ have been appeared after ASBC loaded with
rhenium, the peaks around 1359 em™ have been diminished and
1061 cm™ have been increased, indicating that carboxyl groups took
part in the adsorption process. That the intensities of bands at 881,
749 cm* gradually enhanced indicates the increase of aromatic
fractions and the enhancement of carbonization degree 3,

3.2 Effect of solution pH

Earlier researches on metal adsorption have indicated that pH was
quite important single parameter affecting the adsorption process
446 The plot of Re (VII) adsorption capacity versus pH is shown in
Fig.3. As seen from the figure, a sharp increase is observed at pH
less than 2.0, it is shown that the ASBC has a high affinity for Re (V//)
at high acid concentration, and when pH>2.0, the adsorption

X -~ OH}+Re0;, «—> X —OH;...ReO;
X —COOH; +Re0;, «—>X—~COOH;...ReO;

(17)
(18)

It was noticed that the pH of the solution after adsorption
slightly increased, which was mainly attributed to that: (i) the H"
participate in the functional groups protonation (Eq. (15-16)); (i) H"
was neutralised by alkaline ASBC; and (iii) affected by the mineral
ash from pyrolysis 38

3.3 Effect of adsorbent dosage contact time

The amount of adsorbent is an important factor to enable the metal
adsorption process effectively, and determine the adsorbent—
adsorbate equilibrium of the system *_In order to determine the
effect of the ASBC dose on Re (VI/) adsorption, ASBC dosage in the

range of 0.8-8.0 g-L'1 was subjected to adsorption experiments and
the results are given in Fig.4.

capacity decreased
explained as follows.

q,(mg-g")

Fig. 3. Effect of pH on Re (VII) adsorption on ASBC. Conditions:
adsorbent dosage, 3 g-L'l; initial Re (VII) concentration, 20 mg-L'l;
contact time, 480 min; temp., 298K.

In aqueous phase, rhenium is stable, and its dominant species
being the perrhenate anion (ReO,) ¥ The behavior for better
adsorption at low pH by ASBC may be attributed to the large
numbers of H* ions present at low pH values which protonate the
ASBC surface (Eq. (15-16)). That results in strong electrostatic
attraction between positively charged adsorbent surface and ReO,
leading to higher adsorption. The adsorption mechanism can be
expressed as Eq. (15-18), which has been confirmed by FTIR spectra
and thermodynamic analyses. As the pH of the system increases,
the number of negatively charged sites increases. A negatively
charged surface site on these adsorbents does not favor the
adsorption of Re (VII) due to the electrostatic repulsion 8 This
explains the decrease in the adsorption of Re (VII) ions at higher pH
values. Therefore, all the other experiments in this study were
carried out at optimum initial pH of 1.0 so as to achieve maximum
metal adsorption capacity.
X -OH+H" «+— X -0H;
X—-COOH+H* «— X —-COOH;

(15)
(16)
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significantly. These phenomena can be

65 100
0 1 {2 Adsorption capacity | L 90
04 a\ m Adsorption extent I
]
S o \ I 80
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E 50 \A //. — [
) -V A AN =
& . ]
> N 60 §
£ 45 %
E N | 50 g
5 40 / AN H
g ’ )] A\ Lao &
o— =
B 351 RN Lso 2
] ™~ &
S .ol /
2 30 : \\\ k20
S
2.5+ \\ r 10
/Ay
2.0 T T T T T T T T T 0

Adsorbent dose (g-l.[l)

Fig. 4. Effect of adsorbent dosage on the uptake of Re (VII) onto
ASBC. Conditions: initial Re (VII) concentration, 20 mg-L'l; pH, 1.0;
temperature, 298K.

As Fig.4 shows, the adsorption amount decreases with an
increase in adsorbent dose. On the other hand, the extent of the
adsorption increased first with an increasing amount of adsorbent
and almost constant at dose higher than 6 g'L'l, that is, adsorption
reached saturation. This results could be explained as a
consequence partial aggregation of ASBC at higher
concentration, which leads to the decrease in effective surface area
for adsorption 0, Thus, it is reasonable to choose adsorbent dosage

3 g-L'1 for all further experiments to ensure higher adsorption
capacity and adsorption rate.

of

3.4 Effect of contact time

The results of effect of contact time on ASBC adsorption of Re (V//)
are shown in Fig.5. It is apparent that increase in contact time from
2 to 120 min enhanced the amount adsorption of Re (V//)
considerably, due to the strong attraction between rhenium ions
resulting from a large number of binding sites on the surface of
ASBC; then the initial rapid adsorption gives away a very slow
approach to equilibrium. There are two reasons for this, on the one
hand, due to the binding sites on ASBC surface are being used up, it
will take more time to enter the adsorbent interior and combine
with the active sites 21; on the other hand, since active adsorption
sites in a determined system have a fixed number and each active

This journal is © The Royal Society of Chemistry 2015
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site can adsorb only one metal ion in a monolayer, the metal uptake
by the adsorbent surface will be rapid at the beginning, then
slowing down as the competition for the decreasing availability of
active sites intensifies by the metal ions remaining in the solution 1
These results shows that a contact time of 480 min will be sufficient
for the removal of Re (VII) ions by ASBC under the other adsorption
conditions determined as optimal in this study.

4.5+

L

0.5

200 300 400 500

#{min)
Fig. 5. Effect of contact time on the Re (VI/) capacity of ASBC.
Conditions: adsorbent dosage, 3 g'L'l; initial Re (VII) concentration,

20 mg-L™; pH, 1.0; temp., 298K.

T T
0 100

3.5 Adsorption kinetics

To design and control adsorption process, it is necessary to study
the adsorption process rate and dynamic behavior. In general,
adsorption on an adsorbent from the aqueous phase involves three
steps: (i) the transport of the adsorbate from the bulk phase to the
exterior surface of the adsorbent (film diffusion), (ii) the transport
into the adsorbent by either pore diffusion and/or surface diffusion
(intra-particle diffusion) and (iii) the adsorption on the surface of
the adsorbent >2. The slowest of these steps, that is, the rate-
limiting steps determines the overall rate of the adsorption process.
Research shows that adsorption kinetics has a strong dependence
on the physical and/or chemical characteristics of the bio-char
which also influences the sorption mechanism 39,33,

Adsorption kinetics of Re (VIl) on the ASBC were studied by
monitoring the concentration of metal ions at various temperatures
(298, 303 and 308 K). The conformity between experimental data
and the model predicted values was expressed by the adjusted
correlation/determination coefficients (Radj2 values close or equal to
1). A relatively high Radj2 value indicates that the model successfully
describes the kinetics of the adsorption.

The parameters of kinetic models were obtained with the linear
fitting procedure and listed in Table S4. The appropriate plots of the
PSO and IPD kinetic model are shown in Fig.S3. The PFO model did
not adequately describe the adsorption results of Re (VI/) onto the
ASBC due to low correlation coefficients between the calculated g,
values and the experimental values. Taking the R values into
account, a better fit was achieved when the PSO model was used.
The result also reconfirms that the PSO model is suitable to explain
the adsorption of low molecular weight compounds on small
adsorbent particles > The values of the rate constants (k) and
initial adsorption rate (h) are varied as the temperature increased

This journal is © The Royal Society of Chemistry 2015

from 298 to 308 K, which shows that the adsorption process highly
depends on temperature.

As for the Elovich equation (Chemisorption control), the
determination coefficient is lower than the PSO equation. This
situation indicates that the Elovich equation might not be adequate
to describe the adsorption model, since adsorption process may not
be controlled by chemisorption completely.

The possibility of application of the intra-particle diffusion
process was also evaluated by using the Weber and Morris model
(Eq. (8)). In order to establish whether the transport of Re (V//) ions
from the solution into the pores of the ASBC is the rate controlling
step, the relationship between g, and % was plotted. The intra-
particle diffusion plot is shown in Fig.S3 (b). It could be obviously
observed that not a straight line was obtained. Therefore, it cannot
be considered that the intra-particle diffusion was the controlling
step for the adsorption Re (VI/) onto ASBC. However, it should be
noticed that for obtaining the relations on the plots there are three
separate parts attributed to the film diffusion, the intra-particle
diffusion and the equilibrium stage. In the first stage, the available
the available active sites on the external surface of the ASBC are
sufficient and the adsorption rate is rapid, which suggests the film
diffusion is rate-determining step. However, active sites on the
external surface of ASBC are occupied gradually with the lapse of
time, the rhenium ions have to traverse farther and deeper into the
pores and encounter much larger resistance, which indicates that
the intra-particle diffusion is rate-determining step during this
period. The third part is attributed to the final equilibrium stage
where intra-particle diffusion starts to slow down due to extremely
low adsorbate concentrations in the solution. Thus, the adsorption
of Re (VII) with ASBC adsorbent occurred in more than one stage
that can occur simultaneously. The rate of uptake might be limited
by size of adsorbate molecule or ion, concentration of the
adsorbate and its affinity to the adsorbent, diffusion coefficient of
the adsorbate in the bulk phase, the pore size distribution of the
adsorbate, and degree of mixing. It was also found that the values
of the intra-particle diffusion rate k, are smaller than the film
diffusion rate k; as presented in Table S4. Additionally, the
comparison of the intercept (C,) values, which gives an idea about
the boundary layer thickness i.e., the larger the intercept, the
greater is the boundary layer effect. All in all, the PSO kinetic model
provides the best correlation for all of the adsorption processes
than the PFO, Elovich equations and IPD. This suggests that the
adsorption system belongs to the second-order equation, based on
the assumption that the rate limiting step may be chemical sorption
or chemisorption involving valency forces through sharing or
exchange of electrons between adsorbate and adsorbent 35,36

3.6 Adsorption isotherms

The adsorption isotherm data for Re (V//) onto the ASBC has been
plotted in Fig.S4 and isotherm constants have been depicted in
Table S5. Determination coefficients suggested that the Freundlich
model fit the data better than the Langmuir and Temkin model. This
results illustrate that it can predict rhenium adsorption equilibrium
on ASBC more accurately, and the multilayer sorption of Re (V/I)
mainly occur on heterogeneous surfaces of ASBC. The Langmuir and
Temkin equations can also predict the rhenium adsorption
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equilibrium on ASBC surface well, but not as well as the Freundlich
equation.

The constants K; and n of Freundlich equation were calculated
from Eq. (10), and tabulated in Table S5. According to the study by
Febrianto et aI.57, if the value of n lays between 1 and 10, the
adsorption is favorable. It can be observed that the value of n which
between 1 and 10 (Table S5) showed the favorability of adsorption
of Re (VI/) onto ASBC 8, Besides, the Freundlich constants K and n
also increased with temperature, which indicated the adsorption
capacity and intensity growing.

In this study, the values of sorption coefficient K; (K; = Q./C,,
L-g'l) (Table S5) at different rhenium concentrations (20, 60 and 100
mg-L'l) were calculated to compare their sorption capacities. Table
S5 showed that with increasing Re (VII) concentration, the K, values
for ASBC greatly decreased because Re (VI/) adsorption on the ASBC
was nonlinear. From Fig.S4 we observed that the uptake of rhenium
ion increases with the rise in temperature from 298, 303, to 308 K.
This result also showed that the adsorption was endothermic in
nature. This may be attributed to: (1) diffusion rate of the
adsorbate increased with temperature, (2) de-protonation reaction
increased with temperature, which made more active sites
(hydroxyl, carboxyl) available for Re(VIl) recovery, (3) the thickness
of the boundary layer around the adsorbent decreased with
temperature, which made mass transfer resistance decreased ** .

3.7 Thermodynamic studies

The thermodynamic parameters of the adsorption process were
calculated by Eqg. 12, Eq. 13 and Eq. 14. The results were listed in
Table 1. It could be seen that all the AG® values were negative,
which suggested the feasibility of the process and the spontaneous
nature of the adsorption. Generally, the AG® value is in the range of
0 to -20 ki-mol* indicating physical adsorption and -80 to -400
ki-mol™ chemical adsorption 1 In this study, the AG values are in
the range of -26.18 to -28.73 ki-mol™, indicating that rhenium
adsorption on ASBC could be a combination of physisorption and
chemisorption. The decrease in AG® with an increase in temperature
indicated that the
temperatures.

reaction was more favorable at higher

Table 1 Thermodynamic parameters for the adsorption of Re (VI/)
onto the ASBC.

Temperature 298K 303K 308K
AG° (k)-mol™) -26.18 -27.35 -28.73
AH (ki-mol™) 11.85
A8° (3-mol™K™) 127.46

The positive AH value suggested the endothermic nature of the
adsorption, which is in agreement with the experimental
observations. That is to say an input of energy is required to bring
about the bond formation on Re (VI/) ions on ASBC. This is because
the bonding is short-ranged and as a result, energy is needed to
overcome the repulsive force of attraction as ions bind in a short
distance from adsorbent. This is the reason why the optimal
temperature was relatively higher (308 K), as external source of
heat energy is required for the endothermic reaction to occur & n
this study, the AH® value is 11.85 kJ-mol™, indicating that the
formation of complex between functional groups and perrhenate

8 | RSC Advances, 2015, 00, 1-3

ions should be mainly outer-sphere surface complexation (Eq. (19)).
Because inner-sphere complexes refers to the perrhenate ions and
the functional groups of the adsorbent and the adsorbate forms a
direct coordinate-covalent bond with surface functional groups on
the variable charge surface, the interaction is strong and slow,
while, for outer-sphere complexes, the interaction between the

. . . 4 60,63
surface functional group is weak and rapid .

-~
ReO, ~7 =
OH

o

Re0, &

© ‘osy ®

Fig. 6. Conceptual illustration of the affinity between adsorption
sites and Re (V).

The positive value of AS° shows the increased randomness at
the solid/solution interface during the adsorption of Re (VIl) on the
ASBC. This indicates strong affinity of the adsorbent for Re (V//) ions
and there may be some structural changes in both the adsorbate
and adsorbent during the adsorption process 62,

3.8 Regeneration and recovery studies

100 [ IDesorption rate [ ] Amount adsorbted
44
80
£
P 43 .
g 60 "0
= 73
2 g
] =
= 42 &
S 404
D
[=]
20 o
0 0
1 2 3

Cyecles times
Fig. 7. Reusability of ASBC biomass with repeated adsorption—
desorption cycle. Conditions: pH, 1; adsorbent dosage, 3 g'L'l; initial
Re(VIl) concentration, 20 mg-L'l; contact time, 480 min; temp.,
303K.

The regeneration of the adsorbent is one of the key factors for
assessing of its potential for commercial applications. 0.1 mol-L™"
KOH desorption agent was used to recover the Re (VII) ions from
the adsorbent. Higher than 94% of the adsorbed Re (VI/) ions were
desorbed from the adsorbent. It is clear that the recovery of
rhenium in this study is high, probably because the OH" ions could
easily replace rhenium anions from the adsorbent sites on ASBC.
This phenomenon was consistent with the results found by Lou et

This journal is © The Royal Society of Chemistry 2015
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aI.M, Shan et al.m, Xiong et al.u, indicating the strong affinity
between OH  ions and ASBC.

As shown in Fig.7, the adsorption capacity of ASBC decreased
slightly with 0.1 mol-L™" KOH as an eluent after three cycles (from
the initial 4.42 mg-g'1 to the final 3.78 mg-g'l). This might be
attributed to the amount of biomass lost and/or the damages on
the surface of the adsorbent due to the continuous contact with the
desorbing agent during the adsorption-desorption process. These
results indicated that the ASBC biomass could be used repeatedly in
Re (VII) adsorption studies without any detectable loss in the total
adsorption capacity. Therefore, ASBC can be used as a stable
adsorbent for Re (VI/) recovery.

RSC Advances

3.9 Comparison of various adsorbents for Re (VII) ions
adsorption

Table 2 demonstrates a comparison between Re (VII) ions
adsorption capacity of various type of adsorbents and ASBC. It is
clear that the Re (VII) ions uptake capacity of ASBC has an
encouraging effect in this work. This could probably be due to the
number of active groups available for metal ion adsorption and the
different sorption mechanisms involved. These results also indicate
that ASBC can be used as a high efficiency adsorbent in water

treatment to recover rhenium from aqueous solutions.

Table 2 Comparison of maximum adsorption capacities of various adsorbents for Re (VII) ions.
Conditions: initial Re (VII) concentration, 20 mg-L'l; pH, 1.0.

Adsorbents Adsorption capacity (mg-g'l) References

Cross-linked persimmon residua (sulfuric acid) 0.10 [9]

Cross-linked astringent persimmon (formaldehyde) 1.30 [64]
La(/ll)-loaded orange peel gels 0.42

[10]
Zr(Vl)-loaded orange peel gels 0.60

Cross-linked brown algae (sulfuric acid) 1.01 [11]

Corn stalk 0.9 [61]

ASBC 5.13 Current study

4. Conclusions

This study investigated the ability of bio-char derived from
Acidosasa edulis shoot shell to adsorb Re (VII) from aqueous
solution. The experimental evidence showed the strong effect of
the operating variables (adsorbent dosage, contact time, pH value,
and temperature) on adsorption performance of ASBC biomass.
Adsorption equilibrium is well described by Freundlich adsorption
isotherms. Adsorption rate is fast and its kinetic is well represented
by pseudo-second-order model. Thermodynamic parameters
showed that the adsorption of Re (VI/) ions onto ASBC was feasible,
spontaneous and endothermic under studied conditions. The
interactions between the metal ion and the functional groups on
the cell wall surface of the biomass were confirmed by FTIR
analysis, which indicated the participation of hydroxyl, carboxyl
groups in the rhenium adsorption. Taken into consideration of the
findings above, it can be stated that the ASBC could be used as an
efficient biomass for the treatment of Re (VII) containing aqueous
solutions.
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Maximum adsorption capacity of perrhenate on ASBC is 14.6 mg-g” at pH 1.0,

temperature 308K and initial concentration 100 mg-L™.
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