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Abstract To study the adsorption properties of organic
functional groups in plant fibres and identify a highly
efficient and affordable adsorbent for radioactive wastew-
ater treatment, natural bamboo fibre (NBF) samples were
prepared, and the adsorption properties of Eu(Ill) on NBFs
were studied under given experimental conditions. The
effects of the pH, solid-to-liquid ratio, background ions,
humic acid, contact time, and temperature on the adsorp-
tion behaviour of Eu(Ill) on NBFs were investigated.
Adsorption was greatly influenced by pH, and the adsorp-
tion curves presented two inflection points at pH =~ 7 and
pH =~ 11. Moreover, while the ionic strength presented a
negative effect at pH < 7, the high ionic strength favoured
adsorption at pH > 7. During adsorption on NBFs, the —
OH, C-H, O-H, C-0, and C=0 were the main adsorption
groups. Hydrolysis occurring on the NBF surface caused
the adsorption process to become increasingly difficult at
pH > 7. The maximum adsorption capacity of NBFs was
147.6 mg/g at 308 K, and the adsorption could be descri-
bed using the pseudo-second-order kinetic model. The
adsorption of Eu(Ill) on NBFs was a spontaneous and
endothermic process according to the thermodynamic
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parameters of the process, and the adsorption thermody-
namics could be well described using the Freundlich
adsorption model. Therefore, NBFs were determined to be
an efficient, inexpensive, and easily disposable sewage
treatment material.
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1 Introduction

As nuclear science continues to develop, researchers
have been focusing on the adsorption and migration of
radionuclides on natural adsorbents, in particular the
treatment and disposal of radioactive waste [1-3]. Eu(IIl) is
a lanthanide rare-earth element that is often used to sim-
ulate trivalent actinides owing to its physicochemical
properties. Because Eu(IIl) ions are similar to Am(III), it
could be used to substitute it, and thus, mitigate the diffi-
culties in producing Am(III) and its high cost. Eu(IIl)
adsorption on soil, clay minerals, and fibres has been
intensively studied, and it was determined that Eu(IIl)
usually reacts with adsorbents via cation exchange or sur-
face complexation [4]. Owing to the developments in
adsorption research, an increasing number of adsorbents
have been prepared and tested. Nevertheless, these adsor-
bents tended to be expensive and difficult to scale.
According to some theories, the adsorption process could
be divided into four steps: bulk transport, film diffusion,
intraparticle diffusion, and adsorption, where the second
and third steps are the control steps [5]. At present,
researchers are focusing on four types of adsorbent mate-
rials: inorganic materials, organic polymers, carbon family

@ Springer


http://orcid.org/0000-0002-0622-5986
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-019-0710-3&amp;domain=pdf
https://doi.org/10.1007/s41365-019-0710-3

4 Page 2 of 10

T. Yu et al.

materials, and porous framework materials. Among them,
cellulose is considered to be the first most abundant poly-
mer in nature that can also be used as potential adsorbent
owing to its nontoxicity, affordability, and easy function-
alisation [6]. Moreover, novel nanomaterials and magnetic
materials have been prepared and the adsorption mecha-
nism of heavy metals on them has been analysed using
batch techniques, spectral analysis, surface complexation
models, and theoretical calculations [7, 8].

China is rich in plant fibre resources, and plant fibres are
widely used to treat environmental pollution and agricul-
tural waste, according to previously published papers
[9, 10]. Moreover, China is rich in bamboo and wood fibre
resources and is the largest producer of bamboo fibre in the
world. Bamboo fibre is a green, renewable, and
biodegradable fibrous material [11, 12]. In addition to
natural bamboo fibre (NBF), other biological materials
such as natural or modified chitosan, cellulose, and
microorganisms are used for the adsorption or removal of
nuclides. These materials possess many organic functional
groups, such as —CH, —-OH, and —C=0, and exhibit satis-
factory adsorption properties for radionuclides [13], thus
resulting in good application prospects for treating
radioactive waste and preventing nuclear pollution
[14, 15].

As lanthanide rare-earth element, Eu(Ill) is often used to
simulate trivalent actinides owing to its physicochemical
properties. Consequently, Eu(IIT) adsorption on soil, clay
minerals, and fibres has been studied intensively [4, 16].

2 Experimental
2.1 Instruments and reagents

An X-650 (Hitachi) scanning electron microscope, an
IRPrestige-21 (Shimadzu) Fourier-transform infrared (FT-
IR) spectrometer, and a 721E (INESA Analytical Instru-
ment Co., Ltd) visible spectrophotometer were used in this
study.

The Eu(Ill) standard solution comprising Eu,O; was
supplied by Ganzhou Deshipu Advanced Material
Resource Co., Ltd. Accurately weighed 0.40 g Eu,0O5 was
dissolved in 1.0 mol/L. HCI solution and was then trans-
ferred into a volumetric flask and diluted with distilled
water to 1000 mL. The concentration of obtained Eu(III)
solution was 2.273 x 10> mol/L.

Arsenazo III (1.0 g/ aqueous solution), pH 2.8 acetic
acid—sodium acetate solution, and 0.1% (v/v) ascorbic acid
aqueous solution were used as colour developer, buffer,
and masking agent, respectively. Distilled water was used
for all experiments.
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2.2 Preparation of NBF samples

The joint and crust were removed from a piece of fresh
bamboo stem (which was grown for more than 3 years),
and the stem was cut into 10-cm-long and 2-cm-wide
pieces. Then, the samples were dried at 150 °C for 1 h and
ground in a mortar, thus producing rough NBFs. The NBFs
were then soaked in 60 °C water for 24 h, then dried and
rolled before removing the impurities. Afterwards, the
samples were boiled (their temperature was increased from
30 to 120 °C) in a pressure cooker at the heating rate of
20 °C/min for 1 h.

Subsequently, the NBF samples were treated with
0.1 mol/L sodium hydroxide (NaOH) solution and were
then neutralised with acetic acid. To observe the microfibril
structure of the NBF surface, a 10% nitric acid and 10%
chromic acid mixed solution (1:1 volume ratio) was used to
treat the fibres and remove the hemi-cellulose, lignin, and
other non-cellulose elements from the surface of fibres. The
procedure was performed at 60 °C for 5 min, and the
samples were maintained at 25 °C for 24 h. Then, the
samples were washed with distilled water and dried. The
obtained NBFs were ground to pass through an 80-mesh
sieve (< 0.2 mm) for the standby application.

2.3 Adsorption procedures

The adsorption of Eu(IIl) on NBFs was assessed at
different temperatures: 25, 35, and 50 °C (298, 308, and
323 K, respectively). Certain amounts of NBFs, sodium
chloride (NaCl) solution, humic acid (HA) solution, and
Eu(Ill) solution were added to Erlenmeyer flasks. Trace
amounts of HCl and NaOH solutions were added to adjust
the acidity to the desired pH value. Then, distilled water
was added to the flasks to obtain 50 mL mixtures. The
mixtures were shaken in an oscillator at a certain temper-
ature for a certain time to reach adsorption—desorption
equilibrium, when the concentration of Eu(IIl) in the
solution no longer changed. Then, 10 mL solution was
pipetted into a centrifuge tube (15 mL) and was cen-
trifuged at the speed of 5000 r/pm for 10 min. Furthermore,
5.0 mL supernatant was pipetted into a colorimetric tube,
and 1.0 mL ascorbic acid, 5.0 mL buffer, and 1.0 mL
Arsenazo III solutions were added into the tube. The final
volume was set with water, and the concentration of Eu(III)
was determined using the spectrophotometric method.
Lastly, the quantity of adsorbed radionuclide was calcu-
lated by comparing the concentration of Eu(Ill) before and
after the adsorption equilibrium. The adsorption percentage
(S, %) and distribution coefficient (K4) were calculated
using the following formulas:
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where ¢, (mg/L) is the initial concentration of Eu(IIl) in the
liquid phase, c. (mg/L) is the Eu(Ill) concentration in the
adsorption equilibrium liquid phase, V (L) is the volume of
the mixed solution, and m (g) is the mass of NBFs.

3 Results and discussion
3.1 Characterisation of NBF and Eu-NBF

The scanning electron microscopy (SEM) images of
NBF and Eu-NBF (after adsorption) are presented in
Fig. 1. The results indicate that before adsorption, the NBF
surface was very rough and rugged, and many irregular
pore- and fibre-like structures were observed on it. The
presence of these structures greatly increased the surface
area of the NBF, thus allowing for more adsorption sites to
be exposed. Moreover, the structure provided important
adsorption channels and plenty of adsorption space for the
adsorption of metal ions from solution. The pore and fila-
ment-like structures of the NBF were favourable for Eu(III)
adsorption. After adsorption, the number of pore-like
structures of the NBF decreased and the valleys became
shallower. This indicated that the number of adsorption
sites on the surface decreased.

The energy-dispersive X-ray spectroscopy (EDS) anal-
ysis results of the NBF (before adsorption) and Eu-NBF
(after adsorption) samples illustrated in Fig. 1 are pre-
sented in Fig. 2. The composition of NBF mainly included

C, O, and K, and the corresponding element percentages
were 26.8%, 71.8%, and 1.2%, respectively (Fig. 2a).
Figure 2b depicts the composition of the sample after
adsorption, which mainly included C, O, and Eu, and their
element percentages were 22.34%, 62.70%, and 14.13%,
respectively. Figure 2c—e illustrates the distribution of C,
O, and Eu, respectively, on the surface of the Eu-NBF
sample (after adsorption) presented in Fig. 1b. Figure 2c—e
indicates that the elements and adsorption sites were uni-
formly distributed on the surface of the sample. These
findings indicated that the pore structure and filament-like
structure of NBFs conferred them strong adsorption
capacity for Eu(Ill), and K was exchanged with Eu(IIl)
during adsorption.

To study the function of organic functional groups, the
FT-IR spectra of the NBF samples were analysed. Figure 3
illustrates the FT-IR spectra of NBF and Eu-NBF samples
at pH 4 and 11. The absorption peak at 3313 cm™' was
ascribed to the stretching vibration of the —OH radical and
was also the characteristic spectral band for all NBF
samples; the absorption peaks at 2920 and 2851 cm™ ' were
attributed to the telescopic vibration of —CH,—; the
absorption peak at 1634 cm™' belonged to the telescopic
vibration of the C=0 bond; the absorption peak at
1730 cm ™' represented the C=0 peak of the —COOH
group; the 1634 cm™' absorption peak was allocated to
the=C=0 group; the absorption peak at 1544 cm™' was
generated by the -CONH group; the absorption peak at
1237 cm™ ' was the characteristic peak of the asymmetric
lateral stretching vibration of —-C—O-C or wagging vibra-
tion of CH,(CH,OH); the absorption peak at 1021 cm ™!
was associated with the —C-O group; and the absorption
peak at 601 cm™' was assigned to -C—X (where X is a
halogen) [17].

Figure 3 indicates that the spectra of the Eu-NBF sam-
ple after adsorption were very similar to the spectra of the

Fig. 1 Scanning electron microscopy images of a natural bamboo fibre (NBF) and b Eu adsorbed on NBF
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Fig. 2 (Colour online) Energy-dispersive X-ray spectroscopy patterns of a natural bamboo fibre (NBF) and b Eu adsorbed on NBF (Eu-NBF).

Element distribution of ¢ C, d O, and e Eu on surface of Eu-NBF

1.4 Eu-NBF pH11

951

g b S Bu-NBF pHe o\ 601)
c [ =~ w\ {
®© © N
g 2 | W :
4 R/ NF S\/. 4
= o o3 T |
] Togs 8l Tiom M
» =xE 5| oo
- 3 2= 8 -C-X
S - 1021 -C-0
4000 3500 3000 2500 2000 1500 1000 500

wave numbers (cm™)

Fig. 3 (Colour online) Fourier-transform infrared spectra of natural
bamboo fibre (NBF) and Eu adsorbed on NBF (Eu-NBF): a NBF,
pH4; b Eu-NBF, pH4; ¢ NBF, pH11; and d Eu-NBF, pH 11

NBF sample (pre-adsorption) at different pH values, and
only a couple of peak drifts appeared. These findings
indicated that the adsorption process did not destroy the
fabric of NBFs. Of all peaks, the skeleton vibration
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absorption peaks of the hydroxyl -OH, -CH,, C-0O, C=0,
and polycyclic aromatic hydrocarbons were displaced at
513, 41, 4, 1, and 76 cm™ ", respectively, while the posi-
tions of the other vibration absorption peaks were essen-
tially unchanged. Therefore, it was concluded that the
hydroxyl -OH, C-H, C=0, and C-O were the main
adsorption groups of NBFs [18].

At pH 4, the peak of —-CONH (1544 cm™") was present
in the spectra of both the NBF and Eu-NBF samples;
however, at pH 11 the peak disappeared from their spectra.
This indicated that the —-CONH group hydrolysed under
strong alkaline conditions, which led to the significant
change in the adsorption capacity of NBFs.

3.2 Effect of experimental conditions on Eu
adsorption

Eu(IIl) adsorption on NBFs as function of the adsorbent
concentration (solid-to-liquid ratio, m/V) was investigated
at pH 6 and 298 K. As the m/V value of NBFs increased,
the adsorption percentage also increased. The experimental
error was determined to be less than 5% via repeated
experiments at each experimental point. These findings
suggested that as the m/V value increased, the number of
adsorption groups on the NBF surface increased and the
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total adsorption capacity of the system was improved [19].
The adsorption percentage of Eu(Ill) decreased to the
lowest value (81.2%) at m/V = 0.0428 g/L, while at m/
V =6.0 g/L, the adsorption percentage was the highest
(95.8%). To better reflect the influence of other factors on
the adsorption process, the adsorption percentage of Eu(IIl)
in subsequent experiments should be not too low or too
high. Thus, we selected m/V = 0.6 g/L as the NBF con-
centration for the following tests.

The effects of the pH and ionic strength on the
adsorption process were studied at 7=298 K and m/
V = 0.6 g/L. Figure 4 represents the adsorption of Eu(III)
on NBFs as function of the pH in the presence of 0, 0.02,
0.04, and 0.1 mol/L NaCl. Eu(Ill) adsorption was greatly
affected by the pH and ionic strength. At pH ~ 7 and
pH =~ 11, the Eu(Ill) adsorption curves presented two
inflection points at different ionic strengths. At pH < 7 or
pH > 11, the adsorption percentage continuously increased
as the pH increased, while the adsorption percentage
decreased as the pH increased in the pH range of 7-11.
While high ionic strength was not conducive for the
adsorption process at pH < 7, high ionic strength favoured
adsorption at pH > 7. This was because adsorption mainly
occurred via cation exchange or outer-sphere complexation
at pH < 7 and via inner-sphere complexation at pH > 7.
To better reflect the influence of other factors, the fol-
lowing experiments were performed at pH 6.

The effects of different cations (0.02 M LiCl, KCI, and
NaCl), anions (0.02 M NaNOQOs, NaClQO,, and Na,SO,), and
HA on the adsorption of Eu(Ill) on NBFs were studied
under the conditions mentioned above, and the results
indicated that Eu(Ill) adsorption was affected by all these
factors. At pH ~ 7 and pH ~ 11, the Eu(IIl) adsorption
curve presented turning points in different cations, anions,
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Fig. 4 (Colour online) Adsorption of Eu(IlI) on natural bamboo fibre
(NBF) as function of pH and ionic strength at 298 K and NBF
concentration of 0.6 g/LL

and HA solutions. The adsorption percentages increased as
the pH increased at pH < 7, decreased as the pH increased
in the pH range of 7-11, and increased as the pH increased
at pH > 11. Moreover, the effects of different ions on the
adsorption process could be described as follows: Kt~
> Na™ = Li" and SO,*>~ > ClO,~ = NO;~ at pH < 7; at
pH > 7, the order was reversed. The results also suggested
that the presence of HA significantly affected Eu(IIl)
adsorption. At the HA concentrations (cya) of 0.01 and
0.02 g/L, the presence of HA obviously increased the
adsorption of Eu(Ill) on NBFs in the pH range of 2—-12. At
pH < 7, the increase in adsorption at cga = 0.02 g/L. was
higher than that at cys = 0.01 g/L, and the opposite trend
was observed at pH > 7.

3.3 Adsorption mechanism

Based on the above characterisation and experimental
results, it could be concluded that adsorption occurred via
cation exchange or outer-sphere complexation at pH < 7
[Egs. (3) and (4)] and via inner-sphere complexation or
precipitation at pH>7 [Egs.(5) and (6)], while
Eu(OH);(aq) weakened the adsorption process in the pH
range of 7-13 to a certain extent [Eqgs. (7)—(10)]. Here,
‘outer-sphere’ complexes are the weak or ‘second coordi-
nation sphere’ complexes, while the strong complexes
formed between the adsorbate and the adsorbent are usu-
ally referred to as ‘first coordination sphere’ or ‘inner-
sphere’ complexes. These results were attributed to the
speciation of Eu(Ill) in the aqueous solution. The specia-
tion of Eu(Ill) in solution was analysed, and the main
species determined were as follows: Eu’" at pH < 6,
Eu(OH)*" and Eu(OH)J at pH 5-9, Eu(OH); at pH 7-12,
and Eu(OH); at pH > 11 [20]. From this speciation dis-
tribution, it was concluded that the main species of Eu(IIl)
could participate in cation exchange reactions at pH < 7,
and the ionic strength negatively affected adsorption in this
pH range. In addition, as the pH increased, the adsorption
decreased in the pH range of 7-11, and the background
ions positively affected the adsorption process. This could
be attributed to the speciation of Eu(Ill) and surface
properties of NBFs. Although the hydrolysis of NBFs and
appearance of Eu(OH)*~ and Eu(OH)s(aq) significantly
decreased adsorption, the presence of background ions
(e.g., Na™ and Cl7) changed the distribution of the Eu(III)
speciation and promoted a synergistic effect, which
enhanced adsorption under ternary system conditions
[21, 22]. Additionally, as the NaCl concentration increased,
more Na™ ions were introduced and became available for
possible cation bridging between Eu(IIl) and the negatively
charged functional groups of NBFs. The degree of proto-
nation and point of zero charge decreased as the ionic
strength increased, thus facilitating cation adsorption.

@ Springer
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Therefore, adsorption was promoted to a certain extent at
pH > 7 [22-25].

The experimental results with respect to the effect of pH
indicated that at low pH values, the main adsorption
mechanism on NBFs was cation exchange or outer-sphere
complexation, while at high pH values, the mechanism
changed to inner-sphere complexation. The schematic
diagrams of the inner- and outer-sphere complexation
mechanisms are presented in Fig. 5. Each complexation
mechanism involved three conditions, and the outer-sphere
complexation was weaker than inner-sphere complexation.
These results indicated that surface complexation was
greatly affected by the acidity of the solution, and that
cation exchange was affected by background ions.
According to the characterisation results of NBFs, the NBF
surface contained various organic functional groups, such
as —OH and —-C=0, and these oxhydryls could turn into
adsorption sites of variable charge (=SO-H) which could
capture or release protons.

At pH < 7,

(=SO)” +H" = (= SO—H) (3)
and

(= SO—H) + Eu** = (= SOEu)*" + H*. (4)
At pH > 7,

(= SO—H) 4 (EuOH)*" = (= S—OEuOH)" + H*  (5)
and
(= SO-H) + (Eu(OH),) " = (= S—OEuOH) + H'.  (6)

Moreover, the hydrolysis process was simulated as follows:

Fig. 5 (Colour online)
Schematic diagram of a inner-
and b outer-sphere
complexation for Eu(III)
adsorption on natural bamboo
fibre
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(-C=0) + (H-C-) & (~C—C-OH) (7)
(-C—C—OH) = (-C—C—0") + H" (8)
(—CONH) + H,0 =2 (—=COO) +H" + (—NH,) 9)
H™ + OH™ = H,0 (10)

where (—C-H) is the abbreviated structural formula of —C—
H,—, which comprised the basic structure of NBF, and (-C—
C-OH) is the speculative product of (-C=0) and (-C-H)
under alkaline conditions, which could be protonated and
deprotonated. This hydrolysis process rendered the cation
exchange and complexation reaction increasingly difficult
at pH > 7 and was also the important reason for the
decrease in adsorption rate.

The effect of HA on adsorption was also experimentally
studied, and the results suggested that the adsorption
mechanism of Eu(IIT) on NBFs could be postulated using
the following equations:

(= SO—H) + HOOC—-HA—OH + Ev*" =

(= S—0)—0OC—HA—-O—Euv*" + H,0 ()
(= S—0)-0OC—HA—-O-Euv*" + H,0= (12)
(= SO—H) + HO—HA—-COOH + Eu’**
(= S—0)—Eu*" + HO—HA—COOH = (13)

(= SO—H) + HO—HA—-COO—Eu*"

Here, HA was written as ‘HO-HA—-COOH’ according to
its major functional groups. According to the experimental
results and above equations, the adsorption strongly
depended on pH. Moreover, it was concluded that the -OH
and —COOH groups were the main functional groups that
affected adsorption. These results suggested that the spe-
ciation of Eu(IIl) was Eu-HA in solution, and Eu-BNF
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(binary complexation), Eu-HA-NBF, or HA-Eu-NBF
(ternary complexation) on the NBF surface. These con-
clusions were consistent with the information previously
reported in literature [26, 27].

3.4 Adsorption kinetics

The kinetic study of the adsorption of Eu(IIl) on NBFs is
presented in Fig. 6. Figure 6a displays the effect of the
contact time at 298 and 308 K (25 and 35 °C, respec-
tively). The results indicated that the contact time could
greatly affect the adsorption process at different tempera-
tures. As the adsorption time increased, the adsorption
percentage increased and reached its maximum after 15 h.
At 298 and 308 K, the maximum adsorption percentages
were 93.4% and 94.1%, respectively. Consequently, the
contact time was selected to be 15 h for the following
experiments.

To quantitatively analyse the adsorption kinetics of
Eu(Ill) on NBFs, the pseudo-first- and pseudo-second-
order kinetic equations were used [Egs. (14) and (15),
respectively] [28, 29]:

In(ge — 1) = Inge — ki1, (14)
and

t 1 1

—= 1, 15
% kg qe (15)

where ¢ (h) is the contact time, k; (hfl) and k; (g/(mg h))
are the pseudo-first- and pseudo-second-order reaction rate
constants, respectively, ¢, (mg/g) is the adsorption capacity
of Eu(Ill) at time ¢ (h), and g, (mg/g) is the equilibrium
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Fig. 6 (Colour online) a Adsorption of Eu(IlI) on natural bamboo
fibre (NBF) as function of contact time fitted using the b pseudo-first-
and ¢ pseudo-second-order kinetic models at pH 6.0 and NBF
concentration of 0.6 g/LL

adsorption capacity. These two kinetic models are pre-
sented in Fig. 6b, c.

From Fig. 6b, c, it was determined that the linearity of
the experimental data was good at 25 °C. The adsorption
parameters were calculated using the slopes and intercepts
of the plots generated by graphing the above equations, and
the obtained values are given below.

For the pseudo-first-order kinetics equation:

T =25°C, R?>=0.990, k =0.689h"! and
ge = 0.335mg/g.

For the pseudo-second-order kinetics equation:
T =25°C, R*=0999, ky =7.505g/(mgh), and
ge = 5.382mg/g.

These results indicated that the pseudo-second-order
kinetics model could fit the experimental data better than
the pseudo-first-order kinetics one and was more suit-
able for describing the adsorption of Eu(Ill). The linear
correlation coefficient (R?) indicated that the pseudo-sec-
ond-order kinetics model could accurately describe the
kinetics of the adsorption reaction because it was very
close to 1 [28, 30]. According to the experimental results
and data reported in the literature, the adsorption capacity
of NBFs for Eu(Ill) was relatively low, and the time
required for the adsorption process to reach equilibrium
was relatively long compared with the those of many
synthetic or modified materials for other radionuclides (the
adsorption capacity is usually higher than 50 mg/g, and the
time required for the adsorption process to reach equilib-
rium is less than 10 h) [6, 31, 32].

The adsorption kinetics of Eu(Ill) on NBFs could also
be described using the diffusion model and Weber—Morris
intraparticle diffusion model [33]. The experimental data
could be described using the former model as follows:

Bt = —In(1 —F) — 0.4977, (16)

where B = n°Dild”, F = q//q., d is the particle radius, and
Di is the diffusion coefficient. The latter model could
further simulate the diffusion process, and the model
equation can be expressed as follows:

g = K1 + C, (17)

where C is the intercept and K. (kg/(mg ho.s)) is the
intraparticle diffusion rate constant. The value of K, could
be calculated from the slope of the linear plot of g, versus
5. The Weber—Morris kinetic model data were divided
into two sections, and the Weber—Morris kinetic model-
related constants are summarised in Table 1.

The linear plots of (—In(1 — F) — 0.4977) versus ¢ at
different temperatures were obtained, and the related
parameters were calculated. The results indicated that the

@ Springer
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Table 1 Parameters of Weber—Morris intraparticle diffusion model for Eu(III) adsorption on natural bamboo fibre (C is the intercept, K, is the
intraparticle diffusion rate constant, and R? is the linear correlation coefficient)

T (K) Initial linear area Second linear area

K.y (kg/(mg h%) G R} Ko (kg/(mg h™) G R
298 0.019 5.31 0.981 0.004 5.36 0.929
308 0.020 5.31 0.932 0.003 5.37 0.967
323 0.021 5.30 0.992 0.010 5.33 0.973

linear plots did not pass through the origin. This suggested
that diffusion was an important control step and was
involved in the adsorption process. Moreover, intraparticle
diffusion could be divided into two stages: the initial stage
of the curve and the buffering or equilibrium stage. The
two stages fitted the experimental data well, which sug-
gested that the intraparticle diffusion step was not the only
control step, but it was one of the stages of the adsorption
process.

3.5 Adsorption isotherms

The fitting curves of the adsorption of Eu(Ill) on NBFs
at 298, 308, and 323 K were obtained and analysed. The
Langmuir adsorption model could be described as follows
[34]:

bCymaxCe
s = 18
¢ 1+ bce (18)
Ce 1 Ce
> 19
¢s  bCsmax * Csmax ’ ( )

where cgmax 18 the maximum equilibrium adsorption
capacity (mol/g), ¢, is the Eu(IIl) concentration in the solid
phase (mol/g), c. is the Eu(Ill) concentration in the liquid
phase (mol/l), and b (L/mol) is an adsorption temperature-
related constant. According to Eq. (19), b and cgyax could
be determined from intercept and slope, respectively, of the
¢ versus ¢, graph. The linear correlation coefficients of the
Langmuir adsorption model were 0.963, 0.925, and 0.969,
and the cynax values were 1.09 x 1074, 9.71 x 107, and
1.12 x 107* mol/g (16.57, 147.6, and 17.02 mg/g), at 298,
308, and 323 K, respectively. The adsorption capacity of
NBFs for radionuclides is similar to those of other natural
or modified biological adsorbents; however, the cost of
NBFs is considerably lower than those of the other
adsorbents [35]. Generally, the cost of NBFs is a fraction of
that of other biological adsorbents and approximately 1%
of the cost of synthetic functional materials.

As the temperature increased, the adsorption isotherm
positions of Langmuir isotherm decreased, and the c./c
values also decreased. This dynamic indicated that Eu(III)
was distributed more in the solid phase than in the liquid

@ Springer

phase at high temperatures and that high temperature could
improve the adsorption process. In addition, as ¢
increased, the Langmuir adsorption isotherms also pre-
sented an increasing trend, and the c./c; values increased as
well, which indicated that the increase in ¢, could reduce
the increase rate of c¢;. Because the number of adsorption
sites on the adsorbent surface was finite, the extra
radionuclides would transfer from the solid phase to the
liquid phase. For a certain concentration range, the fitting
curve at high temperature (323 K) intersected the fitting
curve at intermediate temperature (308 K), which indicated
that radionuclides that were combined with organic matter
of NBFs could desorb from the adsorbent surface at higher
temperature and migrate from the solid phase to the liquid
phase.

Moreover, the highest and lowest fitting curve temper-
atures of the Freundlich adsorption isotherms were 323 and
298 K, respectively. These results suggested that in the
range of 298-323 K, high temperature was conducive to
the adsorption of Eu(IIl) on NBFs.

According to the Freundlich isotherm model:

cs = acy, (20)
and its linear form could be written as follows:
lges = 1ga + Igee, (21)

where a (mol' ™ g~! L") is the equilibrium concentration
of adsorbent ions when n = 1, and n is the dependence of
the adsorption on the equilibrium concentrations.

The R* values of the Freundlich adsorption model:
0.979, 0.960, and 0.986 at 298, 308, and 323 K, respec-
tively, were close to 1. This suggested that the Freundlich
adsorption model was more suitable for describing the
Eu(IIT) adsorption behaviour on NBFs than the Langmuir
adsorption model.

According to the above-mentioned experimental data,
the instantaneous adsorption capacity of NBFs for Eu(IIl)
was 5.382 mg/g, and the maximum adsorption capacity
was 16.63 mg/g at 298 K. This adsorption capacity was
relatively mediocre compared with that of other adsorbents
and was significantly lower than those of bentonite and
metal-organic framework materials [36, 37].
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Using experimental data, the thermodynamic functions
of the Eu(IIl) adsorption on NBFs could be calculated
using the following equations:

N2 0

nk = A 1, A5 (22)
R "T R

and

AG® = AH® — TAS°, (23)

where K is the adsorption equilibrium constant at different
temperatures, and AH®, AS°, and AG® are the standard
enthalpy, entropy, and Gibbs free energy changes, respec-
tively. The values of InK were obtained by plotting InK,
versus c, and extrapolating ¢, to 0. The values of AH" and
AS° were calculated from the slopes and intercepts of the
InK versus 1/T plots. The results indicated that AHC at 298,
308, and 323 K were positive (4.57 kJ/mol), which sug-
gested that the adsorption reaction was an endothermic
process. This also suggested that in the temperature range
of 25-50 °C (298-323 K), Eu(IlII) was soluble in water and
the hydration of the outer NBF sheath was destroyed before
Eu(IIl) was adsorbed on it, which explained why this
process required energy. The amount of required energy
exceeded the quantity of heat released from the cation
adsorption on the adsorbent surface. This theory demon-
strated that the amount of heat absorbed during the desol-
vation process was higher than the adsorption heat within a
certain range. At high temperatures, cationic desolvation
occurred easier and therefore Eu(Ill) was more easily
adsorbed [38]. Under the experimental conditions in this
study, the adsorption reaction was a spontaneous process
because AG® was negative (— 25.21, — 26.21, and
— 27.71 kJ/mol, at 298, 308, and 323 K, respectively). As
the temperature increased, the absolute value of AG®
increased gradually, which indicated that temperature
could accelerate the adsorption reactions. The AS° values
of the adsorption process were positive and thus demon-
strated that NBF adsorption was a spontaneous process.

4 Conclusion

In this study, NBF samples were prepared and charac-
terised, and the application of NBFs for the removal of
Eu(lll) from aqueous solutions was studied using batch
techniques. The main adsorption sites of NBFs were
organic functional groups, and temperature could affect the
combination of functional groups and NBF surface prop-
erties. Moreover, the pH value determined the hydrolysis
of the organic functional groups, which affected the
adsorption behaviour and adsorption performance of the
NBFs. Furthermore, HA could improve Eu(IIl) adsorption
on NBFs at low pH values and could inhibit its adsorption

at high pH values. Cation exchange, outer-, and inner-
sphere complexation were the main mechanism of the
adsorption process in different pH ranges. The time
required to achieve adsorption—desorption equilibrium was
approximately 15 h, and the reaction could be described
using the pseudo-second-order kinetic model. The maxi-
mum adsorption capacity was calculated to be 147.6 mg/g
at 308 K. The Freundlich adsorption model fitted well the
adsorption isotherms. Therefore, NBFs were determined to
be an efficient, inexpensive, and easily available material
for Eu(Il)remediation from aqueous solutions.
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