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Abstract: Preparation of a low-cost cellulose-based bioadsorbent from the cellulosic material 

extracted from the rose stems (CRS) was carried out; rose stems were considered agricultural wastes. 

After the required pretreatment of this waste, and its further treatment with an acidic mixture of 

acetic and nitric acids, the CRS product was yielded. The resulting bioadsorbent was characterized 

by several techniques, such as X-ray diffraction, which revealed diffraction maxima related to 

cellulose structure, whose calculated crystallinity index (CrI) was 75 %. In addition, Fourier 

Transform Infrared spectroscopy (FTIR), 13C Nuclear Magnetic Resonance (NMR), and X-ray 

Photoelectron Spectroscopy (XPS) showed signs of acetylation of the sample, also, the thermal 

properties of the solid was evaluated through Thermogravimetric Analysis (TGA). Scanning 

Electron Microscopy (SEM) showed cellulose fibers before and after the adsorption process, some 

particles with not regular shapes were also observed. The CRS bioadsorbent was used in the 

effective adsorption of valuable Tb(III) from aqueous solution. The adsorption data resulted in a 

better fit to the Freundlich isotherm, and pseudo-second-order kinetic models; however, 

chemisorption had not been ruled out. Finally, desorption experiments revealed a recovery of 

terbium ions with an efficiency of 97 % from terbium-loaded bioadsorbent. 
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1. Introduction 

Under the term of rare earth elements (REEs), 17 metals are included, all presenting similar 

chemical characteristics, which make them key components in the development of smart technologies 

and products associated with these. Also, and due to these similarities, making it difficult the 

separation between them. Being China the main producer of these REEs, and also being the country 

which keeps almost all the REEs reserves, there is a great concern, among Western countries, about 

the availability of these strategic elements, when, in addition, China is cutting their export. All the 

above led to the EU considering these elements of the utmost necessity, increasing the demand of 

their recycling from different sources, which is nowadays known as urban mining. 

After leaching, these REEs are recovered from the solutions by different separation technologies, 

including precipitation, liquid-liquid extraction, ion exchange resins, etc. Of all of them, adsorption 

is one of the most popular methods [1,2], due to easiness in the perform, the possibility of treatment 

of dilute-metal solutions and/or unclarified solutions, etc., moreover, there is a myriad of potential 
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adsorbents, some of them produced at a cheap rate and from secondary wastes, which eliminate the 

dumping associated with these wastes and add a further profit to them. 

In the case of terbium, some adsorbents associated to its recovery from solutions included: 1-(2-

pyridylazo)-2-naphthol (PAN) doped hybrid silica [3], nanoporous calcium alginate/carboxymethyl 

chitosan microbiocomposite powder containing Ni0.2Zn0.2Fe2.6O4  magnetic nanoparticles [4,5], 

magnetic CMC bionanocomposite containing a novel biodegradable nanoporous polyamide [6], 

lignocellulosic biomass [7], calcium alginate/poly(pyrimidine-thiophene-amide) [8], graphite 

nanoplatelets/magnetite [9], hydroxyapatite/NiFe2O4 composite [10],  torrefied poplar-biomass [11], 

nZVI-montmorillonite [12]. 

As above mentioned, one of the features of adsorption processes is the potential use of a variety 

of adsorbents for any particular role, one type of these adsorbents is the biomass associated with 

agricultural wastes, that with a convenient treatment allows harnessing of lignocellulosic material 

leading to an interesting alternative for waste management because of the cost of the raw materials 

is reduced. In order to develop biomass-based adsorbents to recovery elements present in aqueous 

solutions, which represent an ecological and environmentally friendly process, different studies have 

reported the exploitation of the most abundant on earth natural biopolymer, cellulose [13,14], which 

along with lignin and hemicellulose, it is found in the cell wall of plants [15]. Cellulose biopolymer 

consists of D-glucopyranose repeating units linked by β-1,4-glycosidic bonds [16], and it is composed 

of amorphous and crystalline parts, the latter formed due to its hydrogen bonds between the 

hydroxyl groups of the cellulose structure [17]. Different sources have been reported for cellulose 

extraction such as wood, rice husk, pineapple leaf, kenaf, cane bagasse, etc. [18,19]; however, cellulose 

fibers extracted from the rose stems are scarcely investigated as potential adsorbents for metals. 

The purpose of this work is to synthesize a low-cost cellulose-based bioadsorbent (CRS) from 

the treatment of rose stems with a mixture of acetic-nitric acids. After characterizing the bioadsorbent 

with various techniques including XRD, FTIR, TGA, NMR, XPS, and EDS, it is used as an adsorbent 

to investigate the adsorption efficiency against Tb(III), depending on pH, adsorbent dosage, and 

contact time, by performing a series of batch experiments. Various kinetic and isotherm models are 

tested for fitting the experimental data. Thermodynamic parameters (ΔS0, ΔG0, and ΔH0) are also 

estimated to find further characteristics of the adsorption process. Metal desorption from Tb(III)-

loaded bioadsorbent is also investigated using acidic solutions. To the best of our knowledge, the use 

of the CRS bioadsorbent has not been investigated for Tb(III) adsorption. 

2. Materials and Methods  

2.1. From the rose stems to the CRS bioadsorbent 

Rose stems were used as biomass sources to extract cellulose. Initially, they were washed, cut 

into small pieces, and dried in the oven at 50 °C for 2 days. Then, the stems were ground and sieved 

to obtain the precursor. Approximately, 5 g of the precursor was treated with a mixture of acetic acid: 

nitric acid (v/v, 10:1) and it was mixed with a glass rod. After that, the beaker that contains the mixture 

was placed in a sand bath at a temperature of 110 - 120 °C for 20 min. It was allowed to cool at room 

temperature, then it was filtered and washed with distilled water until reaching a neutral pH. Finally, 

the solid was dried at 60 °C obtaining the bioadsorbent, which was labeled as CRS. Research 

manuscripts reporting large datasets that are deposited in a publicly available database should 

specify where the data have been deposited and provide the relevant accession numbers. If the 

accession numbers have not yet been obtained at the time of submission, please state that they will 

be provided during review. They must be provided prior to publication. 

 

2.2. Characterization of the bioadsorbent 

Structural characterization was performed by X-ray Diffraction (XRD). Diffractograms were taken 

using a Rigaku Miniflex 600 X-ray diffractometer, using a monochromatic Cu Kα radiation source (λ = 

0.1539 nm), 40 kV and 20 mA in a range from 10° to 40° with a scanning time of 25 min. Furthermore, 
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the crystallinity index (CrI, %) was calculated according to the method proposed elsewhere [20], using 

the following Equation 1: 

CrI (%) =
(I002−IAM)

I002
 x 100,                      (Eq. 1) 

where, I002 was the maximum intensity corresponding to the (002) plane, and IAM represents the 

intensity of the diffraction peak at 2θ = 18° [20]. Thermogravimetric / Differential Thermal Analysis 

(TG/DTA) thermograms were obtained using a differential thermal analyzer from 20 to 600 °C at a 10 

°C/min heating rate. In addition, as an inert medium helium gas was used, and the reference material 

was aluminum oxide. Chemical and morphological characterization were performed by Scanning 

Electron Microscopy (SEM), and by different spectroscopic techniques, such as Fourier Transform 

Infrared (FTIR), Nuclear Magnetic Resonance (NMR), X-ray Photoelectron Spectroscopy (XPS) 

techniques. FTIR measurements were performed using Varian 670-IR Spectrometer with 32 scans in the 

range from 400 to 4000 cm-1 and a resolution of 4 cmv. Measurements were carried out on pellets formed 

by a mixture of the grounded solid and potassium bromide (KBr). The textural characterization of the 

solid was analyzed by the physical adsorption of nitrogen at 77 K using Micromeritics ASAP 2010, the 

study of the resulting Brunauer-Emmett-Teller (BET) isotherm allowed to determine the values of 

parameters such as specific surface area, pore-volume, and pore size. NMR spectra of CRS were taken 

on a BRUKER NMR Spectrometer 400 MHz using Cross Polarization Magic Angle Spinning (CP-MAS) 

and High Power 1H Decoupling techniques. XPS measurements were carried out using a Fisons MT500 

spectrometer (Fison Instrument, East Grinstead, UK) operated at 300 W equipped with a hemispherical 

electron analyzer (CLAM2) and a non-monochromatic Mg K𝝰 X-ray source. Spectra were collected at 

pass energy of 20 eV (typical for high-resolution conditions). The area under each peak was calculated 

fitting the experimental curve to a variable proportions combination of Lorentzian and Gaussian lines. 

Binding energies were calibrated to the C1s peak at 285.0 eV. SEM images were obtained using a JSM 

6335F microscope operated in secondary electron mode with an accelerating voltage of 15 kV. For SEM 

observation, samples were previously coated with gold for 50 seconds using a Q150RS QUORUM-

Rotary Pumped Coater. Energy dispersive spectroscopy (EDS) analyses were carried out by using an 

OXFORD INCA instrument. 

2.3. Adsorption experiments 

Terbium adsorption by the CRS sample was carried out using batch experiments. Initially, the 

stock solution of 50 mg/L metal concentration was prepared dissolving terbium nitrate hexahydrate 

(Tb(NO3)3·6H2O, Panreac) in MilliQ water. Then, the stock solution was diluted to obtain solutions of 

10 mg/L concentration. Different experiments were carried out in a Selecta Termotronic thermostat-

controlled bath, equipped with multiple Lab Companion MS-52M stirrers. To determine the adsorption 

capacity of both samples, different adsorption tests will be carried out, where parameters such as 

contact time, temperature, pH, and amount of adsorbent were varied. Aliquots of 1 mL were collected 

at elapsed times and filtered through a filter-provided syringe. The pH of the solutions was adjusted 

with HCl (0.12 M). Terbium concentrations in the solutions were determined by Inductively Coupled 

Plasma-Optical Emission Spectrometry (ICP-OES) using an Agilent ICP-OES model 5100 VDV, being 

the associated analytical error of ±2%. 

The adsorption capacity (qt (mg/g)) was defined by Equation 2: 

qt =
(c0−ct)·V

m
 ,                      (Eq. 2) 

where co and ct (mg/L) are the initial and at elapsed time terbium concentrations in the solution, 

respectively; V (L) is the volume of the solution, and m (g) is the mass of the adsorbent used in each 

adsorption process. 

The adsorption data were analyzed using the linear equations of Langmuir, Freundlich, and 

Temkin models [21,22] (Equations 3 to 5, respectively): 

Ce

qe
=

1

qm·b
+

1

qm
· ce ,     (Eq. 3) 
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ln qe = ln kF +
1

n
· ln ce ,    (Eq. 4) 

qe = B · ln AT +  B · ln ce  ,   (Eq. 5) 

where ce (mg/L) represents the concentration of terbium in solution at equilibrium; qe (mg/g) is the 

adsorbed terbium amount by mass of the adsorbent; qm (mg/g) is the maximum terbium adsorbed 

amount by mass of the adsorbent and b (L/mg) is the Langmuir constant; KF (mg/g)·(L/mg) and n 

(dimensionless) are the Freundlich constants which are indicative of the adsorption capacity and 

adsorption intensity, respectively. AT (L/g) and B (J/mol) are the Temkin isotherm equilibrium binding 

and Temkin isotherm constants, respectively. 

Adsorption kinetics were determined using the pseudo-first [23], pseudo-second [24], Elovich [24] 

and Bangham [25] models (Equations 6 to 9): 

ln(qe − qt) =  ln qe −  k1 · t ,  (Eq. 6) 

t

qt
=  

1

k2·qe
2

 

+  
1

qe
· t ,     (Eq. 7) 

 qt =
1

β
(ln αβ) +

1

β ln t
 ,    (Eq. 8) 

qt = ln kB +
1

m
ln t ,  (Eq. 9) 

where k1 (min-1) and k2 (g/min·mg) correspond to the first-order and second-order adsorption constants, 

respectively, and α and β were related to the rate and the activation energy for the chemisorption. 

In order to analyze the rate law which governing the adsorption process, three different possible 

adsorption mechanisms were studied [26]: particle diffusion model (intraparticle or internal diffusion; 

the diffusion of Tb(III) within the bioadsorbent), film diffusion model (bulk diffusion and external film 

diffusion; diffusion of the Tb(III) ions from the aqueous solution to the bioadsorbent surface), and the 

moving boundary process (Equations 10 to 12 respectively): 

ln(1 − F2) = −k · t ,      (Eq. 10)   

ln(1 − F) = −k · t ,         (Eq. 11) 

3 − 3 · (1 − F
2

3⁄ ) − 2 · F = k · t ,    (Eq. 12) 

where k (min-1) was the corresponding constant, and F (dimensionless) is calculated according to 

Equation 13: 

F =
[Tb3+]t

[Tb3+]eq
⁄ ,      (Eq. 13) 

In the last equation, [Tb3+]t and [Tb3+]eq (mg/L) represent the concentrations of metal adsorbed after 

an elapsed time and at equilibrium, respectively. 

The activation energy (Ea) was calculated from the Arrhenius equation (Equation 14): 

k = A · e
−Ea

R·T⁄  ,              (Eq. 14) 

where R (kJ/mol·K) is the universal gas constant and T (K) is the absolute temperature. 

2.4. Desorption experiments 

Desorption experiments were carried out using the filtered solids (designated as CRS-Tb) 

previously subjected to the adsorption process. Desorption solution (the type of eluent, and its 

concentration) as well as the ratio of volume of the solution / CRS-Tb dosage were investigated. CRS-

Tb solids were put into contact with different desorption solutions (HCl 0.2 M, HCl 0.5 M, and H2SO4 
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0.2 M) at different ratios of volume of the eluent to CRS-Tb dosage (1250, 2500, and 5000 mL/g) at 25 oC 

for 4 h. 

3. Results and discussion 

3.1. Characterization of the bioadsorbent 

Figure 1 shows the XRD pattern for the CRS sample. XRD diffraction maxima are recorded at 2θ 

values of around 15°, 16°, 22°, and 34°. These peaks are characteristic of the cellulose and can be 

attributed to the crystalline planes (hkl) (101), (10-1), (002), and (040), respectively, attributed to 

cellulose I crystal structure [20,27,28]. Furthermore, the crystallinity index (CrI) was calculated using 

Equation 1, resulting in a 75% for CRS. The obtained % CrI is lower than the value for standard 

cellulose reported in the literature [29], this result being probably due to the contribution of the 

amorphous part associated with the cellulose structure or with other lignocellulosic structures. 

 

 
Figure 1. XRD patterns for the CRS sample, indicating the different crystalline planes associated. 

 

The FTIR spectrum of the CRS sample is shown in Figure 2. The recorded spectrum shows 

characteristic bands of cellulose structure, such as the peak located at 3401 cm-1 which correspond to 

the stretching of O-H groups, and the peak at 2902 cm-1 due to C-H stretching [30]. Furthermore, at 

1430 cm-1 the bending mode of CH2 groups is found, and the peak located at 1372 cm-1 indicates the 

O-H bending. The peak at 1162 cm-1 is associated with the antisymmetric bridge vibration, the peaks 

that appear in the region 1076-1023 cm-1 and the peak at 897 cm-1 indicate the C-O-C pyranose ring 

skeletal vibration and the β-glycosidic bond [30,31], respectively. Also, in 1640 cm-1 it can see the 

bending mode of the absorbed water [32]. 

In addition, spectrum for the CRS sample shows news peaks from those associated with pure 

cellulose, which are indicated in blue. The one located at 1735 cm-1 corresponds to the C=O vibration 

associated with the ester group [33]. This peak is related to the bioadsorbent yielded after the 

treatment under acidic conditions to which the precursor is subjected, indicating acetylation of the 

cellulose. Also, two other peaks appearing at 1505 cm-1 and 1256 cm-1 suggest that lignin and 

hemicellulose are still present in the structure of cellulose sample obtained [34,35]. 
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Figure 2. FTIR spectrum of the CRS sample obtained, indicating the assignment of the different appearing 

peaks. 

 

Further, the experimental data of textural characterization was fitted by the BET model to obtain 

the information about the surface feature of the adsorbent. As it can see in Figure 3(a), the resultant 

adsorption-desorption isotherm corresponds to Type IV BET isotherm. This type of isotherm is 

characteristic of mesoporous solids, with a pore diameter between 2 nm and 50 nm. In addition, the 

formation of multilayers and the hysteresis loop are observed [15,36]. From the BET model the values 

for total specific surface area (SBET), pore-volume (VT), and pore diameter distribution (Dp) were 

determined. The value obtained for SBET was 1.83 m2·g-1, for VT was 0.0036 cm3·g-1, and for Dp 

distribution covers a range between 12 - 55 Å (1.2 - 5.5 nm) as shown in Figure 3(b). 

 

 

Figure 3. (a) Experimental plot for adsorption-desorption BET isotherm obtained for CRS sample, and in the 

inset (b) the pore size distribution is shown. 

 

Thermogravimetric analysis was carried out to evaluate the thermal stability of the obtained 

bioadsorbent. Figure 4 shows the TG and DTG curves. In the DTG curve three peaks appear: the first 

one, occurring between 50 and 120 °C, corresponds to the elimination of the adsorbed water and the 

solvents used for the bioadsorbent obtaining [37,38]; the next step of degradation is attributed to the 
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decomposition of hemicellulose structures, which usually occurred in the  220 - 315 oC range [39]; 

finally, the main stage of degradation corresponds to the depolymerization of cellulose. According 

to literature, the decomposition of cellulose is found in the 315 - 400 °C range, with a maximum peak 

at 355 °C [39,40]. In the present case, this maximum was established at 321 °C. The slight shift could 

be related to the variation of the crystallinity of the evaluated sample and compared to the one 

reported in the literature [39,40]. 

 

 
Figure 4. DTG curve obtained for the CRS sample. 

 

In the NMR spectrum obtained for the CRS sample, the peaks labeled from C1 to C6 in Figure 5 

are characteristic of cellulose structure, and they are indicated in the inset of the figure. The two peaks 

appearing at 62.56 and 64.89 ppm are attributed to carbon six (C6), and correspond to amorphous 

and crystalline parts in the cellulose structure, respectively [30,41]. The group of peaks from 72.09 to 

74.74 ppm is due to C2, C3, and C5, the two peaks at 83.54 and 88.74 ppm correspond to C4, due to 

the crystalline and the amorphous part of cellulose, respectively [42,43], and C1 has associated the 

peak appearing at 104.89 ppm [30,44]. The two additional signals at 171.93 ppm (C7) and 21.13 ppm 

(C8) are related to the acetylation of cellulose during the extraction process, and it is consistent with 

the information provided by FTIR analysis. 

It is worth to mention here, that the OH group on C6 in cellulose is a primary carbon, and is 

being considered the most reactive, and the one presenting less steric hindrance compared to OH 

groups located on C2 and C3, which are secondary carbons. Therefore, most reactions are more likely 

to occur through C6 [45,46]. 
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Figure 5. 13C NMR with CP-MAS spectrum for the CRS sample, indicating the different carbon types 

present in the CRS structure. 

 

Figure 6 shows the C1s, O1s and N1s XPS spectra for the CRS sample. C1s spectrum exhibits 

four signals corresponding to the chemical bonding state of carbon atoms with other atoms. The first 

one located at a binding energy of 285 eV corresponds to C-H or C-C groups, while the next signals 

appearing at 286.9 and 288.1 eV are attributed to C-O group, the next signal is attributed to O-C-

O/C=O bonds, respectively, and the last one due to O-C=O at 289.1 eV in an ester group [47]. From 

this could be indicating that, according to the FTIR and NMR measurements, the acetylation of 

cellulose in the extraction process occurred. In addition, the higher intensity for the first peak 

compared to that occurring in the spectrum of pure cellulose previously reported attracts attention, 

it could be associated with the presence of impurities such as lignin or hemicellulose [48].  On the 

other hand, O1s spectrum shows three signals, the one located at 533 eV is associated with C-O group 

of the structure of cellulose itself, the other two signals at 531.3 eV and 529.6 eV correspond to C=O 

and O-C=O groups [49,50], respectively, this information is in accordance with the signals specified 

in C1s spectrum. In addition, CRS shows a signal in the nitrogen region at 400 eV, this occurs because 

traces of nitric acid used in the extraction process may be still present. 

 

 
Figure 6. C1s, O1s and N1s XPS spectra of CRS samples, also showing the respective deconvolution 

curves. 
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The esterification process of the cellulose is consistent with a Fischer esterification reaction that, 

according to literature, occurs between a carboxylic acid and an alcohol in the presence of a catalyst 

to form an ester [51,52]. In this work, a reaction occurring between acetic acid and hydroxyl groups 

of cellulose is proposed and represented in Figure 7, in which HNO3 acts as the catalyst in order to 

obtain the esterified cellulose, as well as water as a side product. 

 

 
Figure 7. Representation of esterified cellulose obtaining by the Fischer esterification reaction. 

 

The bioadsorbent surface before the adsorption process (CRS) and after the terbium adsorption 

(CRS-Tb) was studied by SEM microscopy. In Figure 8(a,b) are shown the SEM micrographs of both 

samples, in which the characteristic fibers of cellulose were observed. This fibrous structure is 

attributed to hydrogen bonds that hold together the cellulose chains [53]. The presence of particles 

with different sizes and shapes also observed, can be attributed to lignin and hemicellulose structures 

that persist in the fibers [44]. In addition, no significant differences were observed on the surface of 

the fibers in the SEM images before and after the adsorption process. However, as can be appreciated 

in Figure 8(c), EDS spectra for both samples exhibit some compositional differences. Despite that, as 

expected, the presence of carbon and oxygen elements were found in both samples, and EDS spectra 

registered for the CRS-Tb sample exhibited the presence of terbium element. This result indicated 

that the terbium adsorption onto the obtained CRS bioadsorbent was satisfactorily done. 
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Figure 8. SEM images of the CRS bioadsorbent (a) before and (b) after the terbium adsorption. (c) EDS 

spectra of the unmodified sample (CRS) and sample after the adsorption of terbium (CRS-Tb). 

3.2. Adsorption experiments 

3.2.1. pH influence 

To analyze the influence of the solution pH on Tb(III) adsorption on the bioadsorbent 

prepared, different experiments were carried out at 25 oC, using terbium solutions of 10 mg/L 

concentration with 500 mg/L of the adsorbent. The evaluation of the effect of the pH in 

adsorption tests has great importance since it has an influence not only on the surface charge of 

the adsorbent, but also on the degree of ionization and the kind of species that the adsorbate 

forms in the solution [54]. However, only Tb3+ exists under acidic and near neutral pH values 

conditions (Figure 9). 

 

Figure 9. Terbium(III) speciation as a function of the pH values [55]. 

Figure 10 shows the adsorption capacity as a function of the contact time for the different 

pH values studied. It can be appreciated that the percentage of Tb(III) adsorption decreases as 

the pH value decreases, reaching a minimum value of 4 mg/g (corresponding to a 16 % of 
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adsorption) at pH 2, because the interaction between H+ and Tb3+ for binding the active sites 

increases. The scarce protonation of the functional groups presented in the bioadsorbent, also 

inhibits the reaction between the bioadsorbent and Tb3+ species that could be of the utmost 

importance, for the low value of adsorption efficiency, as the pH of the solution decreases [56]. 

The influence of solution pH on Tb(III) adsorption was not investigated for pH values greater 

than 5 in order to prevent terbium ions precipitation as the hydroxides (Figure 9). Therefore, pH 

5 was applied as an optimum value for further adsorption studies. 

 

Figure 10. Influence of the solution pH in Tb(III) adsorption onto CRS at the different time tested. 

3.2.2. Influence of the adsorbent dosage 

The effect of different adsorbent dosages on Tb(III) adsorption was investigated using 250, 500, 

750, and 1000 mg/L of the CRS at 25 ºC, using terbium solutions of 10 mg/L concentrations. Figure 11 

shows the effect of this variation on the adsorption process, it is clearly seen that the Tb(III) 

concentration loaded onto the bioadsorbent decreases with the increment of the amount of adsorbent. 

Thus, for adsorbent doses of 250, 500, 750, and 1000 mg/L, the adsorption percentages were of 62 % 

(25 mg/g), 80 % (16 mg/g), 84 % (11 mg/g), and 92 % (9 mg/g), respectively. The values in parentheses 

correspond to the maximum amount (mg) of Tb(III) adsorbed per gram of adsorbent. These results 

can be attributed to that as the adsorbent concentration was increased, the available adsorbent sites 

were also increased; then, the percentage of metal adsorption increased. In addition, the adsorption 

significantly varied with the increase of the adsorbent dosage in the range 250 - 500 mg/L, while for 

the range 750 - 1000 mg/L of CRS, the metal concentrations onto the bioadsorbent were only slightly 

modified. The decrease in the adsorption capacity might be due to the interference that existed 

between the binding sites and adsorbate, or the insufficiency of Tb(III) in the solution with respect to 

available binding sites [57]. 
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Figure 11. Tb(III) adsorption as a function of time for different CRS dosages tested. 

3.2.3. Influence of the temperature 

The effect of the temperature on terbium adsorption was investigated using aqueous solutions 

of 10 mg/L of terbium, at pH value of 5 with 500 mg/L of the CRS. The results of this study were 

shown in Figure 12. The adsorption capacity slightly increased with the temperature, obtaining 

around 16.0 mg/g to 25 oC, 16.5 mg/g to 40 oC, and 16.9 mg/g to 60 oC. These results indicate that the 

temperature increase slightly improves the terbium adsorption process. However, equilibrium is 

reached earlier when the temperature increases indicating that the temperature quickens the 

adsorption process. 

 

Figure 12. Influence of the temperature on Tb(III) uptake onto the adsorbent at the different time 

tested. 

3.2.4. Adsorption isotherms 

Experimental results of the adsorption process were fitted to various isotherm models using 

equations 3-5. Langmuir model assumes that on the surface of the adsorbent all sites are ‘equally 

active’. Thus, the surface is energetically homogeneous. As a result, a monolayer surface is formed 
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without any interaction between the adsorbed molecules of the adsorbate [58,59]. The Freundlich 

model is valid for heterogeneous surfaces, which indicate that the adsorption energy exponentially 

decreases on the finishing point of the adsorption centers of an adsorbent [21,60]. The Temkin 

isotherm model takes into account the adsorbent-adsorbate interactions. This model assumes that, 

due to these interactions, the heat of adsorption would decrease with the coverage in the surface 

[58]. 

The correlation coefficients associated with fits to above mentioned models shown in Table 1, 

suggest that the Freundlich isotherm better describe the terbium adsorption onto CRS bioadsorbent. 

The calculated values of KF and n were 10.1 (mg/g)·(L/mg) and 1.5, respectively. The positive value 

of n indicates that the adsorption process is favorable [21]. 

Table 1. Parameters and correlation coefficients obtained from fits of isotherm models to the 

experimental data. 

Isotherm model Parameters value 

Langmuir 

qm (mg/g) 48.47 

b (L/mg) 0.25 

R2 0.9094 

Freundlich 

kF (mg/g)·(L/mg) 10.07 

n (dimensionless) 1.57 

R2 0.9823 

Temkin 

AT (L/g) 1.04 

B (J/mol) 10.18 

R2 0.9539 

 

Table 2 shows the information reported about metal adsorption for several bioadsorbents 

prepared from different cellulose precursors under optimal conditions. It is worth mentioning here 

that most of the data presented in the Table 2 were obtained at pH of 6 and above, in which the metal 

was precipitated. Thus, the adsorption data given by the respective authors was not of a true cation 

adsorption process but of a precipitation process. So, the present work describes a one-step process 

to obtain a low-cost cellulose-based bioadsorbent obtained from rose stems, a precursor considered 

as agricultural waste, which is effective for terbium adsorption from aqueous solutions. 

Table 2. Metal adsorption under optimal conditions for different cellulose-precursors used. 

Cellulose 

precursor 
Metal pH 

Maximum 

adsorption 

(mol/g) 

Isotherm 

model 

Kinetic 

model 
Reference 

Torrefied poplar-

biomass 
Tb(III) 4 0.06 Sips 

pseudo-second-

order 
[11] 

KMnO4-modified 

pineapple bran 
Cu(II) 7 0.11 Freundlich 

pseudo-second-

order 
[61] 

Thiol-functionalized 

cellulose acetate 
Cu(II) 4 0.62 Langmuir 

pseudo-second-

order 
[62] 

Thiol-functionalized 

cellulose acetate 
Cd(II) 4 0.27 Langmuir 

pseudo-second-

order 
[62] 

Thiol-functionalized 

cellulose acetate 
Pb(II) 4 0.09 Langmuir 

pseudo-second-

order 
[62] 

Citric acid-modified 

cellulose from E. 

crassipes 

Zn(II) 6 0.13 ---- ---- [63] 
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Citric acid-modified 

cellulose from E. 

crassipes 

Cu(II) 6 0.29 ---- ---- [63] 

Citric acid-modified 

cellulose from E. 

crassipes 

Cd(II) 6 0.38 ---- ---- [63] 

Citric acid-modified 

cellulose from E. 

crassipes 

Pb(II) 6 0.10 ---- ---- [63] 

Bagasse pulp Cu(II) 5 0.55 Freundlich 
pseudo-second 

order 
[64] 

Thiourea-

functionalized 

comercial cellulose 

Eu(III) --- 0.18 Langmuir 
pseudo-second-

order 
[65] 

Thiourea-

functionalized 

comercial cellulose 

Nd(III) --- 0.51 Langmuir 
pseudo-second-

order 
[65] 

Rose stems Tb(III) 5 0.16 Freundlich 
pseudo-second 

order 
This work 

 

3.2.5. Kinetics studies 

To analyze the kinetics of the adsorption process, the experimental data obtained at the different 

temperatures tested were plotted using different models (equations 6 to 9): pseudo-first-order, 

pseudo-second-order, Elovich, and Bangham. Their obtained correlation coefficients are summarized 

in Table 3. Experimental data in the temperature range of 25 - 60 ºC fit well to the pseudo-second 

order kinetic model [66], with k2 value of 0.021 ± 0.002 g/min·mg. From the model data, the value of 

qe,calc is about 16.9 mg/g, which match well with the experimental values of near 16.5 mg/g. 

Table 3. Summary of correlation coefficients corresponding to different kinetic models evaluated. 

 20 oC 40 oC 60 oC 

pseudo-first order 0.9791 0.9566 0.9579 

pseudo-second order 0.9982 0.9983 0.9984 

Elovich 0.9894 0.9838 0.9631 

Bangham 0.9198 0.8898 0.8586 

    

From these obtained results, Arrhenius equation parameters can be fitted using the kinetic 

constants. The plot of ln k versus 1/T yields a straight line, with slope -Ea/R. The magnitude of the 

activation energy is commonly used as the basis for differentiating between physisorption or 

chemisorption process. In the case of the physical adsorption process, the processes are reversible, 

equilibrium is rapidly achieved and the energy required is small (between the range of 5 - 40 kJ/mol). 

The chemical adsorption process is irreversible and involves stronger forces. For this, activation 

energies are larger (between 40 - 800 kJ/mol) [67]. The calculated activation energy was 5.71 kJ/mol 

suggesting that the terbium adsorption is a physical adsorption process. 

The obtained adsorption results at 25 oC were analyzed to determine the possible rate law 

governing the adsorption of Tb(III) onto the adsorbent. Figure 13 shows the fitted obtained from 

equations 10 - 12. The obtained best fit (R2 = 0.9957) was found for the particle diffusion-controlled 

process (Equation 10) for the present system [66], with a rate constant of 0.044 min-1. 
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Figure 13. Adsorption mechanisms of Tb3+ on cellulose adsorbent. 

 

3.2.6. Desorption experiments 

Desorption experiments were performed with the CRS-Tb solids loaded with 16 mg Tb(III) per 

gram of bioadsorbent during 120 min. Table 4 summarized the results obtained under the different 

experimental conditions used in this work. The influence of different preparation conditions for 

desorption solutions on terbium desorption was investigated using 0.2 M H2SO4 and HCl solutions 

at ratios of 1250, 2500, and 5000 mL per gram of bioadsorbent. For a fixed concentration of the solution 

(0.2 M), a higher desorption percentage with the use of HCl was found. The maximum percentages 

were 63% - 75% and 72% - 81% for H2SO4 and HCl, respectively. 

The effect of the HCl concentration (0.2 M and 0.5 M) was also investigated under the same 

experimental conditions. It can be appreciated that, the higher the acid concentration, the higher the 

desorption percentage, even achieving yields of 79 % - 97 %. Finally, regardless of the type of solution 

and the acid concentration used in the experiments, desorption percentage increases with the volume 

of the eluent/bioadsorbent amount (mL/g) ratio. The obtained results indicate that it is possible the 

effective recovery of terbium ions from Tb-loaded CRS with interesting yields. 

Table 4. Terbium concentration in the eluent solution and desorption percentage for the different 

solutions tested. 

 

Volume solution per 

gram of bioadsorbent 

(mL/g) 

[Tb3+] in the equilibrated solution 

(mg/L) 

Desorption  

(%) 

H2SO4 

(0.2 M) 

1250 8.1 63 

2500 4.7 73 

5000 2.4 75 

HCl 

(0.2 M) 

1250 9.2 72 

2500 4.8 75 

5000 2.6 81 

 HCl 

(0.5 M) 

1250 10.1 79 

2500 5.4 84 

5000 3.1 97 
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4. Conclusions 

A low-cost cellulose-based bioadsorbent (CRS) was obtained using the cellulosic material 

extracted from rose stems as the source of biomass. In the process, the corresponding precursor was 

treated with a mixture of acetic acid:nitric acid (v/v, 10:1) at 110 - 120 °C for 20 min. The final mixture 

was filtered and washed until a neutral pH was reached. The calculated crystallinity index from XRD 

measurements was 75 %, lower than the reported standard cellulose, this due to the contribution of 

the amorphous part characteristic of the cellulose structure and the other lignocellulosic structures. 

The TGA analysis showed a maximum decomposition peak corresponding to cellulose degradation 

at 321 °C. A slight shift, compared with the reported value for cellulose, was found probably related 

to the amorphous degree of the CRS sample. FTIR spectrum of CRS showed two signals, C=C at 1505 

cm-1 and C-O at 1260 cm-1, suggesting presence of traces of lignin and hemicellulose in the final 

product. Furthermore, SEM images showed undefined shapes, corresponding to lignocellulosic 

residues that remained in the sample, and the fiber surface was not regular, this was attributed to the 

acid treatment of fibers. FTIR, 13C NMR, and XPS analyses showed signals of acetylation in the CRS 

sample. The treatment in an acid medium involved in the extraction of cellulose led to the cellulose 

sample generated being esterified. The adsorption process for the terbium removal from liquid 

effluents was investigated. An optimal pH of 5, with 80 % of terbium removal, was found. The 

increase of the adsorbent dosage improved the adsorption process, leading to a 92 % of adsorption 

when 1000 mg of the CRS sample was added. Increasing the temperature does not significantly 

improve the terbium adsorption process. Adsorption kinetic isotherms showed that the terbium 

adsorption was better described by the pseudo-second-order kinetic model at the different 

temperatures investigated. The experimental data were best fit to the Freundlich isotherm. Finally, 

the obtained activation energy value was 5.71 kJ/mol, which suggested that the terbium adsorption 

onto the CRS sample was a physical adsorption process. The obtained results in the present work 

revealed that the obtained low-cost adsorbent cellulose-based was useful for terbium adsorption 

from aqueous solutions. In addition, different desorption experiments showed that it was possible 

the effective recovery of terbium ions, from loaded adsorbent and using acid eluent solutions, with 

efficiencies of 80 - 97%. 
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