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Agricultural wastes are considered as green adsorbents that can work as an alternative

to recover critical and scarce metals from secondary sources. Critical elements as

rare-earth elements (REEs) can be obtained from electronic wastes or tailings and

could be recovered using these green alternatives. In this study, walnut shell (WS) was

tested to determine whether several REEs can be efficiently retained by this green

adsorbent. Fourier transform infrared spectroscopy (FTIR), scanning electron microscopy

(SEM), thermogravimetry, and differential scanning calorimetry (TG-DSC) were used

to characterize WS before and after REE adsorption. Analytical performance of REE

quantification was evaluated, besides adsorption capacity and isotherms that were

calculated in order to determine the model that fit well to REE adsorption. ICP-OES

results indicated the lowest limit of detection and quantification (LOD and LOQ) with

Eu (0.08 and 0.23 ppb, respectively); nevertheless, quantification of other elements

was also at the ppb level. In order to obtain the highest adsorption of metals, 75- and

2,000-µm particle sizes were studied, reaching >80% of adsorption with both sizes.

Additionally, several pH values were tested in order to determine the optimum condition

for maximal adsorption and adsorption capacity, noticing that pH 4 showed the best

adsorption percentage (>85%, qe = 6.5–8 mg/g). The Langmuir isotherm model fitted

well for the Eu, La, Sm, and Gd adsorption equilibrium. Characterization of WS was

done using FTIR, TG-DSC, and SEM. FTIR analysis showed several changes in the

spectra after adsorption of REE tested, but major changes were observed at the OH

group, which shifted up to 31 cm−1 of wavelength. Additionally, TG-DSC showed

that WS pyrolysis was divided in three stages: vaporization of moisture (about 10%

of weight loss); thermal decomposition of hemicellulose, cellulose, and lignin (higher

than 60% of weight loss); and high-temperature calcination of residues (<25%). Finally,

SEM characterization showed empty and filled pores of different sizes in WS after metal

adsorption, and a more rugged aspect was observed. This study reveals that WS is

an efficient low-cost adsorbent for REEs and can be used for future recovery of these

elements from secondary sources.

Keywords: walnut shell, rare earth elements, green and low-cost adsorbents, adsorption isotherms,
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INTRODUCTION

The rare-earth elements (REEs) consist of lanthanum, scandium,
yttrium, and fourteen other REEs. REEs are known for their
exceptional chemical, catalytic, electrical, magnetic, and optical
characteristics, which have received particular attention due to
their industrial applications in electronics, superconductors, and
catalysts, among others. In addition, REEs have been shown
to promote the growth of plants and the body weight gain of
animals; therefore, agricultural and animal production industries
are also interested in these elements (Hu et al., 2006; Xu and
Wang, 2007; Abdelnour et al., 2019; Agathokleous et al., 2019).
Due to the transition to a green, low-carbon economy, REEs
are considered the most critical raw material groups with the
highest supply risk, as explained by the European commission in
2010, which is reviewed in Binnemans et al. (2013). Alternative
methods are necessary to recover REEs from aqueous solutions,
either from lixiviation of electronic waste or from mining tailing.

The biosorption process involves a solid phase (sorbent or
biosorbent) and a liquid phase containing a dissolved species
to be sorbed (metal ions). Biosorption is a fast and reversible
reaction used commonly for heavy metal recovery (Tripathi and
Rawat Ranjan, 2015). Several materials have been used to recover
heavy metals, such as peat, lignite and humic acids, fly ash,
microbial biomass, and agricultural by-products such as soya
bean hulls, walnut shells, and others (Laszlo and Dintzis, 1994;
Alvarez Puebla et al., 2006; Pehlivan and Altun, 2008; Pehlivan
et al., 2009; Módenes et al., 2015; Suresh Kumar et al., 2015;
Darmayanti et al., 2017; Cheng et al., 2018; Ennoukh et al.,
2019; Neris et al., 2019). The advantages of using a low-cost
bioadsorbent are high efficiency at low cost, minimization of
chemical and/or biological sludge regeneration of the biosorbent,
and the possibility of metal recovery (Dai et al., 2018).

Walnut shells (WS) are abundant agricultural residues with
great stability, wide specific surface area, and high mechanical
strength, and they have been used to recover mainly heavy
metals (Banerjee et al., 2018) but also some pharmaceutical
contaminants and pesticides (Zuhra Memon et al., 2014; Ahmed
and Hameed, 2018; Bayat et al., 2018). This raw material is
mainly composed of lignin and polysaccharides, specifically
10.6% extractives (dichloromethane, ethanol and water), 29.9%
lignin (Klason lignin, soluble lignin), 49.7% polysaccharides, and
mineral composition (Zhu et al., 2016; Queirós et al., 2020).
Moreover, the reuse or regeneration of WS has been studied
mainly in the adsorption of heavy metal and organic compounds
(such a naphthalene, oils, among others), showing that sequential
biosorption–desorption cycles ranged approximately from 1 to 6
(Altun and Pehlivan, 2012; Zhu et al., 2016; Banerjee et al., 2018).
So far, a single article showed the reuse ofWS for REE adsorption,
indicating that it is possible to use the adsorbent about 1,000
times (Li et al., 2012). Then, the adsorption of REEs onto WS

Abbreviations: REEs, rare-earth elements; WS, walnut shell; WS-REEs, walnut
shell containing REEs; FTIR, Fourier transformed infrared spectroscopy; TG-
DSC, thermogravimetry and differential scanning calorimetry; LOD and LOQ,
limit of detection and quantification; ICP-OES, inductively coupled plasma optical
emission spectrometry; qe, adsorption capacity; Kf and n, Freundlich constants;
Kl, Langmuir sorption constant; WEEE, waste electrical and electronic equipment.

has been poorly studied; therefore, this study aims to determine
the adsorption capacity of natural WS at different particle sizes
to retain several REEs under different pH solutions, in order to
evaluate its performance for future applications to recover these
elements either from electronic waste or from mine tailings.

MATERIALS AND METHODS

Adsorbent and Chemical Reagents
All solutions were prepared from analytical-grade chemicals
purchased from Sigma-Aldrich and Merck and deionized water.
Stock solutions with a concentration of 1mM of rare-earth
elements (REEs), including La+3, Sm+3, Eu+3, Gd+3, and Nd+3,
were prepared by dissolving a known amount of La(NO3)3,
Sm(NO3)3, Eu(NO3)3, Gd(NO3)3, and Nd(NO3)3 in deionized
water. From the stock solution, working solutions of 200 µg L−1

REEs were prepared by serial dilution immediately prior to their
use. These solutions were pH adjusted from 3 to 7 with 1NNaOH
or HNO3. The pH of the solutions was determined using a digital
pH meter.

For the sorbent material, residues of WS were used and
acquired from the city of Illapel located in the IV region of
Coquimbo in Chile. WS was ground in a disk mill, and the
resulting crumbs were sieved to obtain particle sizes of 2,000 and
75µm. Before use, all materials were washed thoroughly with
deionized water and oven dried at 105◦C for 24 h. Dried WS was
stored in a desiccator until use.

Batch Adsorption Experiments
Three independent replicates for batch adsorption experiments
were carried out at several pH values in 50-mL canonical flasks
to examine the adsorption of REEs in WS, in order to determine
the precision of experiments by calculating standard deviation.
Briefly, 20mL of 200-ppb REEs adjusted previously at pH values
of 3, 4, 5.5, and 7 was mixed with 500mg of WS. Two different
particle sizes of 2,000 and 75µm were used to identify the
particle size effect in the adsorption of REEs. Thereafter, flasks
were shook at 120 rpm at a constant temperature of 20◦C
for 12 h. After incubation, tubes containing the samples were
centrifuged at 4,000 rpm for 5min and filtered first with 1-µm
filter paper (Microlab Scientific Inc.) followed by a second round
of filtration using 0.45-µm filter paper (Microlab Scientific Inc.).
MCE (mixed cellulose esters) filters were used for both filtration
processes due to that it was shown to have the best performance
in adsorption of metals, between 1 and 5% at the ppb and ppm
level (Darren et al., 2014).

Quantification of REEs by ICP-OES
A multielement calibration curve for the five REEs was obtained
using Perkin Elmer Optima 7,000 DVmodel inductively coupled
plasma optical emission spectrometry (ICP-OES). Standards of
10, 25, 50, 100, 250, and 500 ppb were prepared immediately
prior to their use. The wavelengths used for the La, Nd, Eu,
Gd, and Sm elements were 398.852, 430.358, 381.967, 342.247,
and 359.260 nm, respectively. Three analytical replicates were
carried out. The REE removal efficiency and adsorption capacity
of WS at different pH values was calculated according to

Frontiers in Chemical Engineering | www.frontiersin.org 2 July 2020 | Volume 2 | Article 4

https://www.frontiersin.org/journals/chemical-engineering
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemical-engineering#articles


Gallardo et al. Walnut Shell Bioadsorbent for Rare-Earth-Elements

previous works (Yi et al., 2015; Çelebi and Gök, 2017) using the
following equations:

Ad% =
(Ci− Ce)

Ci
× 100 (1)

qe (
mg

g
) =

(Ci− Ce)

m
× V (2)

where Ad% is the REE removal efficiency and qe is the
adsorption capacity. Ci and Ce are the initial REE and residual
concentrations, respectively. V is the volume of the aqueous
solution, andm is the mass of the WS used.

Adsorption Isotherms
The sorption isotherms for the REEs on WS were studied using
the abovementioned batch technique. Two different particle sizes
for the sorbents were allowed to equilibrate in independent
experiments with solutions of 200 ppb La, Nd, Sm, Gd, and Eu at
pH values of 3, 4, 5.5, and 7. Considering the adsorption capacity
(Equation 2), sorption isotherms were described by Freundlich,
Langmuir and Temkin isotherm models, which are represented
in Equations (3–5), respectively, as shown in Table 1.

Characterization of Walnut Shell
To study the surface chemistry and morphology changes of
WS before and after adsorption of REEs, Fourier-transform
infrared (FT-IR) spectroscopy analysis was used as well as
thermogravimetric and differential scanning calorimetric (TG-
DSC) analysis and scanning electron microscopy (SEM).

FT-IR analysis (Perkin Elmer Spectrum 100 spectrometer) was
used for identifying the functional groups on the surface that
were present in the adsorbent and involved in the adsorption
process of the raw material (WS) and WS containing REEs
(WS-REEs). Bare WS and WS-REEs were oven dried at 30◦C,
and analysis of their active functional groups was carried out
over the wavenumber region of 700 to 4,000 cm−1 using a KBr
translucent disc.

TABLE 1 | Freundlich, Langmuir, and Temkin isotherm equations used in this

study.

Isotherm

models

Equations Plot Adsorption

parameters to be

determined

Freundlich

(Equation 3)

qe = Kf
n
√
Ce Log qe vs logCe Kf = exp(intercept)

n = 1
slope

Langmuir

(Equation 4)

qe = qm Kl Ce
1+Kl Ce

Ce
qe

vs Ce qm = 1
slope

Kl = slope
intercept

Temkin

(Equation 5)

qe = B ln(Kt)+B (lnCe) qe vs ln(Ce) B = slope

Kt = exp intercept
slope

Where Ce and qe are the residual concentration of REEs and the adsorption capacity,

respectively. Kf and n are the Freundlich constants; qm is the constant related to the

area occupied by a monolayer of adsorbate, and Kl is the Langmuir sorption constant;

B = RT/bT, where R is the gas constant (8.314 J/mol K), T is the absolute temperature

in Kelvin, and bT is the Temkin constant related to the heat of adsorption; and Kt is the

Temkin constant related to the equilibrium binding energy (Ijagbemi et al., 2009; Kilic et al.,

2011; Feizi and Jalali, 2015; Çelebi and Gök, 2017).

The surface morphology of WS and WS-REEs was
investigated using a field-emission scanning electron microscope
(SEM) FE-SEM SU5000 Hitachi. The thermal behavior of
10mg of WS and WS-REEs at several pH values was studied by
means of thermal gravimetric analysis and differential scanning
calorimetry, TGA-DSC (Netzsch Jupiter, heating and cooling
rates 20K min−1, purge gas flow: N2 50mL min−1), in the
temperature range of 20–900◦C.

RESULTS AND DISCUSSION

Analytical Performance of ICP-OES for
REE Quantification
The calibration curve for all five REEs was obtained at a higher
linearity of >0.98 (data not shown). Limits of detection and
quantification (LOD and LOQ) were calculated as 3.3 σ/slope and
10 σ/slope, respectively (Shrivastava and Gupta, 2011). LOD and
LOQ were determined to be 0.38 and 1.16 ppb for La, 1.61 and
4.90 ppb for Nd, 0.08 and 0.23 ppb for Eu, 8.2 and 24.7 ppb for
Gd, and 13.4 and 40.5 ppb for Sm, respectively.

Adsorption Capacity of Natural WS
The pH adsorption is a significant parameter for the evaluation of
adsorption performance (Çelebi and Gök, 2017). The adsorption
was studied as a function of pH ranging from 3 to 7 by adjusting
with HNO3 and NaOH, as required. Higher pH values were
not studied since REE ions would majorly exist in the form
of precipitate (Li et al., 2012). Lower pH values were also
not analyzed, since functional groups of WS are vulnerable
to be protonated triggering REE-ion repulsion by electrostatic
interactions (Li et al., 2012). Sorbents were allowed to equilibrate
with 200 ppb for 12 h at the abovementioned pH. After
centrifugation and filtration, the supernatant was analyzed by
ICP-OES to quantify the residual REEs. Removal (% adsorption)
and adsorption capacity (qe in mg/g) were higher at pH 4 in
most of the REEs (Figure 1 and Table S1), and only lanthanum
showed slightly higher adsorption at pH 5.5 (Figure 1D). The
adsorption at pH 4 and a 75-µm particle size was 87% for Eu,
84% for Gd, 93% for Sm, and 85% for La, while at a 2,000-µm
particle size, the adsorption of REEs at the same pH was 89%
for Eu, 97% for Gd, 99% for Sm, and 85% for La (Figure 1). The
high adsorption might be explained by the high carbon content
of walnut shell compared to O, H, and N, which according to
previous reports is composed bymore than 50% of C (Wang et al.,
2010; Zabihi et al., 2010; Ghasemi et al., 2015). In some studies, it
was reported the use of commercial activated carbon (CAC) as an
adsorbent that is effective in heavy metal removal was reported,
showing an adsorption efficiency of ∼90% Cd and Cr removal
(Babel and Kurniawan, 2004; Hydari et al., 2012). Although CAC
is an efficient adsorbent, it has the disadvantage to be a high-
cost and difficult regeneration procedure, becoming a limited
method (Babel and Kurniawan, 2003). For that reason, chemical
and physical activations of natural adsorbents have been done
for some researchers as a cost-effective alternative. For instance,
it was reported that chemical activation of adsorbents (such as
sunflower, potato, canola, and walnut shell residues) with NaOH
improved Ni adsorption, indicating that WS capacity was about
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FIGURE 1 | Effect of pH in the rare-earth removal efficiency and adsorption capacity using two particle size. (A) Sm (III); (B) Gd (III); (C) Eu (III); (D) La (III). Error bars

correspond to standard deviation of three independent replicates.

8 mg/g (Feizi and Jalali, 2015). Additionally, activation of WS
with ZnCl2 to remove Hg(II) was shown, reaching a removal
efficiency between 70 and 90% of adsorption percentage (Zabihi
et al., 2009). However, and as explained before, in this article
the uptake of REEs by natural WS was investigated in order to
use this data for future work, reaching similar removal efficiency
values to activated adsorbents (mentioned above). An additional
work showed similar results, whereWS packedmicrocolumnwas
described to retain 15 REEs at a pH value of 3.2; however, the
removal efficiency was not reported (Li et al., 2012). So far, few
studies have been reported regarding REE adsorption by WS;
however, investigations of heavy metal removal by carbonaceous
materials such asWS aremore common. For instance, removal of
Pb(II) by natural walnut shell was optimum at pH 5.5 with 90%
adsorption (Yi et al., 2015) and for Cr(VI) at pH 2 withmore than
75% adsorption. Therefore, according to our results, this low-cost
material shows high capacity to retain, among other metals, REEs
at pH 4. As shown in Table S1, both particle sizes improved the
adsorption of the REEs, since there is enough surface area for the
interaction of metals. A few reported results show that higher
particle size shows lower adsorption of Ni(II); however, these
studies used particle sizes much larger than those in our study.
For instance, a particle size of 900µm showed an adsorption
capacity of 5.7 mg/g, while a particle size of 1,800µm showed
an adsorption capacity of 3.9 mg/g (Demirbaş et al., 2002).

A recent study compared three adsorbent mixtures to retain
several rare-earth elements, such as Ce, Dy, Eu, La, Nd, and
Y. These mixtures were composed by combinations of residual

microalgae biomass, chitosan, thermally expanded graphite,
and/or millet husk. The maximum capacity of these adsorbent
was about 5 mg/g according to the Langmuir model, which is
a very similar value obtained for WS in our study (Kosheleva
et al., 2018). Grapefruit peel has also been used to adsorb La
and Ce, observing similarities with our data since between pH 4
and 5 the highest adsorption was reached (between 80 and 90%)
(Torab-Mostaedi et al., 2015). Additionally, it was reported that
corn style, pineapple crown, orange peel, neem saw dust, prawn
carapace, egg shell, fish scales, and crab shell also can adsorb
cerium(III). It was shown that the highest adsorption was reached
at pH values between 4 and 6, and corn style plus prawn carapace
had the best performance in Ce adsorption (Jaya and Nilanjana,
2014). Another low-cost adsorbent that has been studied was
malt spent rootlets (MSR), which showed to have the maximum
adsorption of europium at pH between 4 and 5 with a removal
percentage of ∼70% (Jaya and Nilanjana, 2014). Additionally,
durian rind sorbent was used to adsorb La and Y, showing
that at pH between 4 and 5 the adsorption was about 73% for
both elements (Kusrini et al., 2019). Moreover, the adsorption
efficiency of several low-cost adsorbents to remove heavy metals
such as Pb was also described. For instance, hazelnut shell (90%),
pistachio shell (83%), and walnut shell (96, 95, and 99%) (Çelebi
and Gök, 2017). The reuse or regeneration of low-cost materials
has been studied in the adsorption of heavy metal and organic
compounds (such a naphthalene, oils, among others), mainly
showing that regeneration might range approximately from 1 to
6 cycles (Altun and Pehlivan, 2012; Zhou et al., 2015; Zhu et al.,
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FIGURE 2 | Experimental sorption isotherms of rare-earth elements onto 75-µm particle size WS. (A) Sorption isotherm represented by the Langmuir isotherm model

of REEs by WS; (B) sorption isotherm represented by the Freundlich isotherm model of REEs by WS.

2016; Banerjee et al., 2018). As mentioned before, a single article
showed the reuse ofWS for REE adsorption only, which indicated
that it is possible to use WS as adsorbent about 1,000 times (Li
et al., 2012).

Finally, it was not possible to quantify residual Nd (after
adsorption experiments) by ICP-OES. Interferences might affect
the quantification; however, no matrix effects or spectral overlaps
were detected in the Nd standard. The wavelength used during
ICP-OES analysis was 430.3 nm, as indicated by a previous report,
which is a value that shows high sensitivity and performance
for Nd quantification (Krachler et al., 2015). In our samples,
the matrix has an effect on Nd quantification, and so far, no
other studies have reported this effect. Therefore, the adsorption
percentage and capacity for Nd were not determined.

Adsorption Isotherms
Equilibrium correlations between adsorbent and adsorbate are
defined by adsorption isotherms (Dada et al., 2012). The sorption
isotherms for the REEs were studied using a batch technique.
Considering the calculated adsorption capacity (qe) of WS for
every REE, the experimental sorption isotherms were calculated
by the Freundlich, Langmuir, and Temkin isotherm models,
as represented by Equations (3–5), respectively. Calculated
isotherm parameters for the adsorption of REEs onto WS at
20◦C are shown in Figure 2, and details for other parameters are
found in Table S2. The best fit was obtained using the Langmuir
model, as shown by the highest coefficient value 0.999. The
Langmuir model suggests that REEs are adsorbed onto theWS in
a monolayer, and considering that the best results were obtained
with a particle size of 75µm, it can be assumed that themaximum
monolayer adsorption capacities for WS were 5.7 mg/g for Eu,
5.1 mg/g for Gd, 6.1 mg/g for Sm, and 6.0 mg/g for La (as
shown in Table S2). Additionally, the separation factor RL was
calculated for every metal, which helps to predict the affinity
between the adsorbent and adsorbate. Every REE (at different pH
values and both WS particle sizes) showed an RL below 1 and
higher than 0, which indicates that the shape of the adsorption
system is favorable (Kilic et al., 2011; Çelebi and Gök, 2017).
Today, the single report in which WS is used for REE adsorption

does not present adsorption isotherm analysis, since the aim of
that article is to concentrate REEs with a microcolumn filled
with WS to coupled it to ICP-MS (Li et al., 2012). Nevertheless,
the authors presented the adsorption percentages for REEs onto
WS (>90%), which are similar to our results (higher than 80%).
Additional study indicated that natural walnut shells (NWS)
can be used to efficiently remove Pb(II). In these experiments,
the researchers determined that the adsorption capacity of the
NWS for Pb(II) was 9.9 mg/g and that the adsorption model
was well-described with a Langmuir isotherm (Çelebi and Gök,
2017). Moreover, the adsorption of Cr(VI) by walnut shell was
Cr(VI) reported with an adsorption capacity of between 16.73
and 40.99 mg/g. Researchers indicated that WS has the potential
to be used as a green adsorbent and it can be used in small-
scale industries (Banerjee et al., 2018). Since little information is
available regarding REE adsorption onto WS, our study provides
valuable data, such as the high adsorption capacity of WS to
retain these elements, and the ranges at which the adsorbent is
most efficient for REE adsorption, in addition to the adsorption
isotherm that fits better to this adsorption model.

Adsorbent Characterization
Thermogravimetry and Differential Scanning

Calorimetry (TG-DSC) Characterization
The thermal behavior of natural WS andWS-REEs was evaluated
at pH 4, as it was the optimal pH. Nevertheless, TG and DSC
for La were also evaluated at different pH values, as shown in
Figures S1A,B. Figures 3A,B show the TG and derivative of
TG (DTG), respectively, for the five elements (La, Eu, Sm, Gd,
and Nd) adsorbed onto WS at pH 4. Pyrolysis of WS can be
divided into three stages, as shown in Figures 3A,B: the first
stage can be attributed to the vaporization of moisture, which
contributes ∼10% of the weight loss. The second stage, observed
in more detail in Figure 3B, refers to the thermal decomposition
of hemicellulose, cellulose, and lignin, which contributes more
than 60% of the weight loss. The last stage involves the high-
temperature calcination of residues, and the weight loss is >25%.
As reported by several authors (Burhenne et al., 2013), TG
analysis suggests that WS comprises hemicellulose, which is a
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FIGURE 3 | Thermogravimetry (TG) and differential scann ing calorimetry (DSC) of rare-earth element adsorption to WS at pH 4. (A,B) correspond to TG and the

derivative of TG of Lanthanum adsorption to WS at pH 4. (C,D) correspond to DSC and derivative DSC of Lanthanum adsorption to WS at pH 4.

group of biopolymers such as branched polysaccharides, and
decomposes faster and at lower temperatures than cellulose
and lignin, because hemicellulose is thermally more unstable
(Burhenne et al., 2013). In agreement with the literature,
the negative DTG curve for WS and REE-WS and DSC-
DDSC (Figure 3) showed the hemicellulose decomposition
in a temperature range between 200 and 300◦C. The next
decomposition might be attributed to cellulose, which ranged
between 300 and 400◦C, and finally, lignin decomposition can be
observed at higher temperatures (>400◦C). Similar results were
reported before, where decomposition of hemicellulose, cellulose,
and lignin ranged from 225 to 325◦C, 337 to 407◦C, and 417 to
607◦C, respectively, for WS (Burhenne et al., 2013). Recently, it
was described that pyrolysis of WS led to an∼90% weight loss in
a temperature range of 200–467◦C, which corresponds to rapid
thermal decomposition of cellulose, hemicellulose, and part of
lignin, confirming that lignin is pyrolyzed at temperatures above
400◦C (Fan et al., 2018). Therefore, we can assume that metal
adsorption onto WS showed no major changes in the thermal
decomposition of WS.

Fourier-Transform Infrared Spectroscopy (FT-IR)

Characterization
WS, as agricultural waste, has the potential to be a good
bioadsorbent that might retain heavy metals (Kazemipour et al.,
2008), pesticides (Ahmad et al., 2010), and pharmaceutical
residues (Ahmed and Hameed, 2018), and now it is reported

that WS can efficiently retain rare-earth elements. Then,
complementing our previous results, IR spectra for natural
WS (control) and several REEs adsorbed at different pH
values were acquired. Figure 4 shows the FTIR spectra for
the control, Eu, Sm, La, Nd, and Gd adsorption at pH 4
(optimum condition, as defined previously). FTIR spectra at
pH 5.5, 3, and 7 were also acquired, and they are shown in
Figures S3–S5, respectively. Regarding Figure 4 and Table S3,
the peak at 3,370 cm−1 in the control, which corresponds to the
stretching vibration of O–H, showed larger spectral changes in
the FTIR spectra measured for REEs for all studied pH values.
Fewer spectral changes were observed at 1,328 and 1,049.18
cm−1, which correspond to carboxylate, C=O stretching, and
stretching vibrations of C–O–C groups. Minor changes detected
in other functional groups are detailed in Table S3. Similar
results have been reported before, but the functional groups
changed when REEs were adsorbed onto WS, as shown in
Table S3E (Li et al., 2012). Instead, we detected two additional
peaks, 1,428.58 and 1,328.66 cm−1, which were not previously
reported by Li and coworkers. Previous report showed that for
different adsorbents, both peaks might be related to alkane group
stretching and carboxylate anion C=O stretching, respectively
(Singha et al., 2011). Moreover, in several studies concerning
different bioadsorbents, such as residual microalgae biomass,
chitosan, millet husk, grapefruit peel, and eggshell, among
others, it was indicated that chelation of rare-earth elements was
facilitated by OH, NH, and CO functional groups according to
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FIGURE 4 | FTIR of WS and adsorbed REE onto WS at pH 4.

FTIR analysis (Jaya and Nilanjana, 2014; Torab-Mostaedi et al.,
2015; Kosheleva et al., 2018; Kusrini et al., 2019).

Then, according to our data, it can be
suggested that OH is mainly responsible for REE
adsorption onto WS, since at different pH values,
all tested metals showed a larger wavenumber shift
after adsorption.

Scanning Electron Microscopy (SEM)
The surface physical morphology of WS was characterized
before and after REE adsorption by SEM analysis. Figures 5A–F
shows SEM images with a magnification of 700×, while
Figures S5A–F shows data obtained at a magnification of

4,500×. Empty and filled pores of different sizes were observed
after metal adsorption, in addition to a more roughened
aspect. Similar results were observed previously, where WS
before adsorption of Cr(VI) was shown to be more porous,
and it was observed that pores were partially blocked after
metal adsorption (Singha et al., 2011). Moreover, it has been
described previously that the external surface of WS (before
and after metal adsorption) has a highly porous structure
with round edges (Çelebi and Gök, 2017), which is similar
to our results. Additionally, Çelebi and collaborators indicated
that WS presented two types of pores: open and closed. The
open pore is a slit-shaped pore or slit, and the closed pores
are cylindrical (Çelebi and Gök, 2017). It was described that
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FIGURE 5 | SEM micrograph of natural walnut shell before and after rare-earth elements adsorption at 700×. (A) Natural walnut shell (WS); (B) Nd adsorption onto

WS; (C) La adsorption onto WS; (D) Gd adsorption onto WS; (E) Sm adsorption onto WS; (F) Eu adsorption onto WS. Arrows indicate the presence of porous.

optimal activation of micropores can be achieved at 375◦C. At
this temperature, uniform micropores are developed, while at
higher temperatures, such as 425◦C, the structure of activated
carbon collapses causing the extinction of micropores (Kim
et al., 2001). Even though the effective adsorption of REEs
onto WS was observed in this study, such adsorption might
be improved by activating the adsorbent at 375◦C for 1 h, as
reported previously.

CONCLUSIONS

Employment of walnut shell as a raw material for the adsorption
of metals is a useful recycling process. The good adsorption
capacity and removal efficiency of WS might be successfully used
for adsorbing Eu, La, Sm, and Gd from aqueous solution. The
present work found that REE adsorption is pH dependent, and
the optimum pH value was determined to be 4. Additionally, REE
ions were adsorbed onto the WS in a monolayer, since a best fit

was obtained by using a Langmuirmodel, as shown by the highest
coefficient value of 0.999. The maximum capacity based on
Langmuir isotherm REE adsorption was defined at a particle size
of 75 and 2,000µm. A maximum retention of 93% was obtained
for Sm at a particle size of 75µm at pH 4. Characterization
of walnut shell before and after adsorption by FTIR indicated
that, among several functional groups that showed changes
in wavenumber, the OH functional group showed the largest
shift, which might indicate that it is involved in the retention
of the REEs. TG-DSC characterization showed the thermal
decomposition of WS and indicated that more than 60% of the
weight corresponds to hemicellulose, cellulose, and lignin, which
might be involved in the adsorption process of REEs. Finally,
SEM characterization showed filled pores of different sizes after
metal adsorption and a more roughened aspect, which might be
improved by calcination at high temperatures such as 375◦C. It
is concluded that WS is a green and environmentally friendly
biomaterial with high capacity toward retaining several metals,
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specifically REEs. Moreover, although no activation was done,
we could obtain high adsorption with natural WS, becoming
in excellent results for upcoming work. Then, WS has the
potential to be used in the future to recover REEs from different
secondary sources, such as waste electrical and electronic
equipment (WEEE) or mine tailing, and to contribute to
circular economy.
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