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ABSTRACT

The grafting of amino and carboxylic acid groups on cellulose increased La(Ill) sorption efficiency of
cellulose: maximum sorption capacity increased from 38 mgLag~! for cellulose to 101 and 170 mgLag~!
for amino derivative (PAC) and amino-carboxylic derivative (PCMC). Langmuir equation successfully
fits sorption isotherms while uptake kinetics are effectively modeled using the pseudo-first order rate
equation (though resistance to intraparticle diffusion plays a significant role in the control of metal
recovery). Uptake equilibrium occurred within 150-180 min. The thermodynamic study shows that the
reaction is spontaneous, endothermic and entropic. Nitric acid solutions (0.5M concentration) can be
efficiently used for metal recovery and sorbent can be recycled for at least 5 cycles with limited decrease
in sorption performance for the three sorbents. The materials were characterized by elemental analysis,
acid-base titration, FTIR spectrometry, x-ray diffraction analysis, X-ray photoelectron spectroscopy, SEM-

EDX analysis and also by TGA.
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1. Introduction

The demand on precious and strategic metals (including rare
earth elements, REEs) is tremendously increasing due to the devel-
opment of electronic and communication devices that contain
significant amounts of these metals. The rarefaction of the primary
resource, the geopolitics issues (making available or restraining the
access to the resource may be a “political weapon” at the world
level) can explain that the recovery of these strategic metals from
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low-level streams and their recycling from waste materials (includ-
ing spent catalysts and wastes of electric and electronic equipment,
WEEEs) became a critical issue for High-Tech industry (catalysis,
telecom industry, solar cell, optical glass, special ceramics, super-
alloys, supermagnets and nuclear industry, etc.) (Charalampides,
Vatalis, Apostoplos, & Ploutarch-Nikolas, 2015). The recycling of
REEs metals from waste materials is usually including a series of
steps such as: (a) grinding, (b) gravimetric (plastics/metals) and
magnetic (ferrous/non-ferrous metals) separations, (c) leaching
(mainly using acidic solutions) and (d) separation/concentration
(Binnemans et al., 2013; Borra, Pontikes, Binnemans, & Van Gerven,
2015; Sinha, Abhilash, Meshram, & Pandey, 2016). Alternative
process may use pyrometallurgy (just after gravimetric/magnetic
separation). In the present study the sorbents are considered to be
used for the recovery of REEs elements processing from hydromet-
allurgical route.
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The recovery of metal ions, and more specifically REEs, can
involve many different processes depending on the concentration
of valuable or toxic metals, the composition of the solution and the
economics of the process and target metals. Solvent extraction is
efficiently used for the recovery of REEs from concentrated solu-
tions (Hou, Xu, Wang, & Chen, 2016; Tunsu, Petranikova, Ekberg, &
Retegan, 2016; Vander Hoogerstraete & Binnemans, 2014). How-
ever, the process may have serious environmental drawbacks
(related to extractant/solvent release in water bodies) and limited
competitiveness when the metal concentration is relatively diluted
(lower than 0.5-1 gL~1). Actually the limit concentration for com-
petitive solvent extraction of metal ions strongly depends on the
quotation of the target metal, the complexity of the solution and
the objective of the process (separation vs simple metal recovery),
the final valorization step (precipitation vs. electro-winning), etc.
(Lo, Baird, & Hanson, 1991). In the case of lanthanum recovery from
leachates, solvent extraction was operated using Cyanex 923 with
La(Ill) amounts ranging between 400 and 800 mgLakg~! (Tunsu
et al., 2016). Alternative processes may use precipitation (Martsul
& Kozlowskaya, 2015; Sinha et al., 2016); however, this method is
rarely selective and huge amounts of multi-metal contaminated
sludge are produced, which are sometimes difficult to valorize.
Ion-exchange and chelating resins are more appropriate for con-
centrating and separating metals ions from dilute effluents, playing
with the affinity of their specific functional groups of REEs (Esma,
Omar, & Amine, 2014; Jain, Handa, Pandya, Shrivastav, & Agrawal,
2002; Jain, Pandya, Pillai, Agrawal, & Kanaiya, 2007; Maheswari &
Subramanian, 2004). Extractant impregnated resins offer a compro-
mise between solvent extraction and resin systems and combine
the advantages of the two techniques (Baba, Kubota, Kamiya, &
Goto, 2011; Karnio, Fujiwara, Mats Urnoto, Valenzuela, & Kondo,
2008; Karve & Rajgor, 2008; Nishihama, Kohata, & Yoshizuka,
2013; Sun, Chi-Linh, Luo, & Dai, 2014; Sun, Ji, Chen, & Ma, 2009):
(a) confinement and reliability of resin supports and (b) selectiv-
ity/efficiency of solvent/extractant systems. However, for the last
decades numerous studies on metal biosorption have been inspired
by the ion-exchange and chelating systems for mimicking con-
ventional resins using biomass that bear similar reactive groups
for metal recovery from dilute solutions (Cadogan, Lee, Popuri,
& Lin, 2014; Das & Das, 2013; Koto, Kano, Wang, Sakamoto, &
Imaizumi, 2010; Lo, Cheng, Han, Chen, & Chang, 2014; Oliveira,
Guibal, & Garcia, 2012; Song, Park, Kang, Park, & Han, 2013; Wu,
Zhang, Wang, Zhu, & Fan, 2011). These renewable resources are
usually cost-effective, abundant and they can be used as pro-
duced or chemically modified for improving sorption performance
(Galhoum et al., 2015a; Galhoum et al., 2015b; Hakim, Sabarudin,
Oshima, & Motomizu, 2007; Inoue, Ohto, Yoshizuka, Shinbaru, &
Kina, 1995; Repo, Warchol, Bhatnagar, Mudhoo, & Sillanpaa, 2013;
Roosen & Binnemans, 2014; Roosen, Spooren, & Binnemans, 2014).

In an attempt to produce performant and cost-effective sor-
bents for the recovery of lanthanum (as an example of light REEs)
from dilute solutions cellulose has been chemically modified first
by chlorination for immobilization of polyamine (synthesis of
poly(aminated) cellulose, PAC), followed by grafting of carboxyl
groups (synthesis of poly(carboxymethyl) cellulose, PCMC). The
different materials were extensively characterized using SEM/SEM-
EDX analysis, XRD analysis, thermogravimetric analysis, FTIR
spectrometry and elemental analysis. The sorption properties of
the two derivatives have been compared to those of raw cellu-
lose through the study of pH effect, the analysis of uptake kinetics
and the determination of sorption isotherms at different temper-
atures (in order to calculate thermodynamic parameters). Finally,
the metal desorption was investigated for evaluating the possibility
to recycle the sorbent.

2. Material and methods
2.1. Reagents

Microcrystalline cellulose (CgH19Os)n, (Merck, Germany),
tetraethylenepentamine (TEPA), monochloroacetic acid
(CICH,CO2H) and thionyl chloride (SOCI,) were obtained from
Sigma-Aldrich (France) and N,N-dimethylformamide (N,N-DMF),
1,4-dioxane (99.9%) and ethanol were supplied by Fluka Chemicals
(Switzerland). All other chemicals were Prolabo products (France).
These reagents were used as received.

Lanthanum stock solution was prepared from La, O3 salt, sup-
plied by Merck (Germany), dissolved in concentrated hydrochloric
acid under heating and finally diluted in demineralized water
(concentration: 1000 mgLaL-1). The working solutions were pre-
pared by appropriate dilution of the stock solution immediately
prior to use. The metal concentrations in both initial and with-
drawn samples were determined by an Inductively Coupled Plasma
Atomic Emission Spectrometer (ICP-AES JY Activa M, Jobin-Yvon,
Longjumeau, France).

2.2. Synthesis of cellulose derivatives

Fig. AM1 (see Additional Material Section) shows the schematic
route for the synthesis of poly(carboxymethyl) cellulose (PCMC)
and its precursor (poly(aminated) cellulose, PAC). Tetraethylene-
pentamine (TEPA) was grafted on cellulose in two steps. First,
cellulose was chlorinated by reaction with thionyl chloride: cel-
lulose (2 g) was suspended in 50 mL of N,N-DMF and progressively
heated to 353 K, under stirring for 1h. When the temperature of
the suspension reached the target temperature, 7 mL of SOCl, was
gradually added to the suspension. The reaction being exothermic,
the addition was progressive to keep the temperature between 368
and 373 K. The stirring was maintained at the same temperature
for 4 h after the reagent was totally added to the suspension. The
reactor was then cooled to room temperature and the suspension
was poured into 100 mL of iced water under strong agitation. The
formed precipitate was filtered, washed with water, and treated
with 100 mL of 3% (w/w) NH4OH (to remove residual sulfurous
acid). The product (i) (chlorinated cellulose) was filtered off and
extensively washed successively with ethanol and MilliQ water to
remove any residual reagents (Silva Filho et al., 2013; Tashiro &
Shimura, 1982). In the next step, the product (i) was suspended
in 20 mL ethanol before adding 12 mL of tetraethylenepentamine
(TEPA), and the mixture was stirred under reflux for 8 h (Mahfouz
et al., 2015): the product (ii) (poly(aminated) cellulose, PAC) was
recovered by filtration and extensively washed. In the last step, the
product (ii) was suspended in N,N-DMF or dioxane (25 mL), before
adding 14 g of monochloroacetic acid; the pH of the suspension
was adjusted to 9-9.5 with 1M NaOH solution and heated under
reflux for 10 h (Galhoum, Atia, et al., 2015c; Galhoum et al., 2015a;
Galhoum, Mahfouz et al., 2015). The final product (iii) (PCMC,
poly(carboxymethyl) cellulose) was filtered and washed 3 times
with ethanol and MilliQ water. Finally, the sorbents were freeze-
dried for 24 h.

2.3. Characterization of materials

The elemental analysis was performed on a Micro Corder J]M10
(J-Science Lab Co., Ltd., Kyoto, Japan). The FT-IR spectra were
directly obtained without KBr pelletizing within 4000-400 cm~!
with a JASCO-FT-IR-6600 spectrometer, Japan. X-ray diffraction
(XRD) patterns were obtained at room temperature in the range
26 =10-80° using a SmartLab X-Ray Diffractometer



(RIGAKU, Tokyo, Japan), with Cu K, radiation. TG/DTA had been
carried out using a thermogravimetric and differential thermal ana-
lyzer EXSTAR 6000 TG/DTA 6300N (Seiko Instruments Inc. (SII)
Japan), under N,/O, atmosphere, within the temperature range
293-1173 Kwith aramp rate of 20 K/min. The material analysis and
the morphology of sorbents were investigated with an ultra-high
resolution FE-SEM SU8020 microscope equipped with an energy-
dispersive X-ray spectrometer SEM-EDX (Hitachi, Tokyo, Japan)
(without liquid N,); the samples were prepared by adhesion on
a carbon film plate and sputter coated with a thin layer of plat-
inum to impart conductivity for incident electrons. X-ray electron
spectroscopy was carried out using a X-ray phototoelectron spec-
trometer (ESCA-5600, Japan) with a 200 W Mg K, (Al K, ) radiation
source; the diameter of X-ray beam was 0.8 mm while the analy-
sis diameter was 1 mm. The samples were adhered on an indium
sheet.

The amine content in the sorbents was estimated using a vol-
umetric method (Galhoum et al,, 2015b): 50mL of 0.05M HCI
solution was added to 0.1g of sorbent under agitation for 15h.
Residual HCl concentration was estimated by titration against
0.05 M NaOH solution (phenolphthalein as the indicator). The num-
ber of moles of HCl having interacted with amino group and
consequently the amino group concentration (mmolg~1) was cal-
culated from Eq. (1):

Concentration of amino group = (M1-M2)50/0.1 (1)

where M1 and M2 are the initial and final concentrations of HCl,
respectively. The carboxylate content was also determined by titra-
tion using the same concept but inverting the titrants.

2.4. Sorption tests

Batch experiments were carried out by contact of 0.02g of
sorbent (m) with 100 mL of aqueous solution (volume V, L) at
given initial metal concentration (Co: 100mgLalL~1) in a closed
flask under agitation (300 rpm) and at 300K for 4 h. The final pH
was recorded in the filtrate and the residual metal concentration
in the aqueous phase (Ceq, mgLal~!) was estimated by ICP-AES
(inductively coupled plasma atomic amission spectrometer, Horiba
Jobin-Yvon Activa M, Longjumeau, France), whilst the concentra-
tion of metal ions sorbed onto the sorbent (qeq, mglag=!) was
obtained by the mass balance equation, (Eq. (2)):

Qeq = (CO—Ceq)XV/m (2)

Standard experimental conditions were set at T: 293 &+ 1 K and pH:
5.00 +0.01; the contact time was fixed to 3 h. However, when rel-
evant, these parameters were varied for determining pH effect,
sorption isotherm characteristics and uptake kinetics.

[sotherm studies were investigated by mixing 0.02 g of sorbent
with 100 mL of La(Ill) solution at different initial concentrations
(i.e., 25,50, 75,100, 150 and 200 mg LaL~1!, at pH 5) and shaking for
3 hat 200 rpm. The experiments were performed in a thermostatic
chamber, at different temperatures (293K, 300K, 313 K and 323K,
maximum temperature variation around target value: & 2 K).

Uptake kinetics were performed using a sorbent dosage of
0.2gL-1 and a concentration of 100mgLaL-! at 300 +1K; sam-
ples were collected under agitation at standard times and metal
concentration was determined, after filtration, by ICP-AES.

The investigation of desorption process was performed by mix-
ing for 60 min the metal-loaded sorbent with 0.5 M HNO3 solution
(at 297 K; sorbent dosage: 0.1 gL-1). Lanthanum concentration in
the filtrate was analyzed by ICP-AES and the mass balance equation
was used for calculating at each step the desorption efficiency. The
recycling of the sorbent was evaluated by repeating the sorption
step and comparing residual concentrations and sorption capac-
ities. The loading of lanthanum on the resins was obtained by

contact under agitation of the sorbent with a 100mgLaL-! solu-
tion (sorbent dosage 0.2gL~1) for 3h at a temperature of 297 K.
The recycling of the sorbents was evaluated by comparing the sorp-
tion capacities at the successive steps in a series of 6 cycles of
sorption/desorption. The duplication/triplication of selected exper-
iments showed that the standard deviation was less than 6-7%.

The modeling of sorption isotherms and uptake kinetics was
carried out using conventional models such as the Langmuir
(Langmuir, 1918), Freundlich (Freundlich, 1906) and Dubinin-
Radushkevich models (Dubinin, Zaverina, & Radushkevich, 1947)
(for sorption isotherms) (Foo & Hameed, 2010), the pseudo-first
order rate equation (PFORE, (Lagergren, 1898), the pseudo-second
order rate equation (PSORE, Ho & McKay, 1999) and the Weber
& Morris simplified model for resistance to intraparticle diffusion
(sRIDE, Weber & Morris, 1963). The detailed presentation of these
models is shown in Additional Material Section.

3. Results and discussion
3.1. Synthesis of materials and characterization of sorbents

The chemical modification of cellulose can be followed com-
paring the elemental analysis of the product (CHN analysis) at
the different stages of the process (Table AM1, see Additional
Material Section). After chlorination the fraction of C and H ele-
ments deceases due to the grafting of thionyl chloride and to
the impact of Cl element in the final product. By analogy with
the phosphorylation of cotton cellulose using phosphoryl chloride
(Vigo & Welch, 1974), the reaction of thionyl chloride is useful
for immobilizing chloride groups, which are reactive for further
immobilization of amine-bearing reagents (da Silva Filho, de Melo
& Airoldi, 2006; da Silva Filho, de Melo, da Fonseca & Airoldi,
2009; Tashiro & Shimura, 1982). After reaction with tetraethylene-
pentamine (TEPA) the proportion of C and H elements increases
due to the immobilization of the organic moiety; nitrogen con-
tent reaches 5.73mmolNg-! (8.02%, w/w): this means that the
grafting of TEPA on cellulose is very efficient. This also means that
the TEPA molar fraction content in PAC reaches 1.146 mmolg~1.
Assuming the structure of the PAC shown in Fig. AM1 (see Addi-
tional Material Section), the substitution of TEPA on cellulose chain
is close to 1 TEPA every 2-3 cellulose units. XPS analysis of the three
materials shows that poly(amination) is followed by the appear-
ance of two peaks characteristics of Ny (at BE: 401-402eV) and
NkrL signals on PAC, while their intensities are slightly decreasing
after poly(carboxymethylation) in PCMC (Fig. AM2, see Additional
Material Section). Similar appearance of Ny signals were observed
after grafting imidazole on cellulose through glycidylmethacry-
late bridging (O’Connell, Aszalos, Birkinshaw, & O’'Dwyer, 2010).
It is noteworthy, that insufficient washing or uncomplete substi-
tution led to the presence of a small amount of chloride on PAC
and PCMC sorbents (presence of the Cly, signal). The detailed XPS
spectra around the typical Cy5, N1 and O, signals show character-
istic shifts of the BEs that can be directly associated to changes in
the environment of these elements due to chemical grafting of new
groups (Stenstad, Andresen, Tanem, & Stenius, 2008). A small shift
of the peak for (N15) and the appearance of a more marked shoul-
der (around 400 eV) are observed after carboxymethylation, which
is also illustrated by the broadening of the shoulder around 532 eV
which is attributed to C—0 and COO groups (Ye, Wang, Xiong & Sun,
2016): This is the convolution of two signals that represent C=0
groups and C—OH/C—0—C groups at around 531.7 eV and 533.2 eV,
respectively (Shen et al., 2013; Ye et al., 2016): this confirms the
grafting of carboxylic groups on cellulose backbone. After chemical
grafting of TEPA on nitric acid-oxidized carbon fibers the XPS spec-
tra showed that apart the appearance of the Ny signal a decrease



of the relative concentration of C—OH groups (around 533 eV) was
observed (015 signal) together with a broadening of the C;5 peak
(at 284 eV) (Gardner, Singamsetty, He, & Pittman, 1997).

The grafting of carboxylic acid groups on TEPA-functionalized
cellulose occurs by reaction of monochloroacetic acid with amine
groups of TEPA and HCl release. This is confirmed by the decrease
of the pH of the suspension from 9.3 to 3.7 during the reac-
tion (requiring continuous pH control). Nitrogen content decreases
from 10.86% (w/w) (i.e., 7.75mmolNg-1) to 8.10% (w/w) (i.e.,
5.78 mmol N g~1) after poly(carboxylation) of TEPA-functionalized
cellulose (PAC); this shows the efficient carboxymethylation in
the PCMC material: the molecular weight of the final derivative
strongly increases and then “dilute” N element in the final prod-
uct. A simulation on the effect of the degree of substitution on
amine groups on the relative mass fraction of N element in the
final product demonstrates that the reaction of monochloroacetic
acid is almost quantitative.

The acid-base titration of PAC and PCMC (Galhoum, Mahfouz
et al, 2015) showed that the amine contents were close to
7.61 mmol —NH g~!, and 4.73 mmol —NH g~'; respectively. On the
other hand the titration of carboxylic groups in PCMC (corrected
by the amount of alkaline titrant consumed by titration of amine
groups of PAC) showed a carboxylic acid content in the sorbent
close to 8.74mmol g~1. It is noteworthy that the ratio of carboxylic
groups in PCMC to amine groups in PAC (molar units) is close
to 1.15; this means close to the expected molar ratio assuming
the substitution reaction to be complete (i.e., 1.2). These results
confirm the efficiency of the successive reactions of chlorination,
poly(amination) and poly(carboxymetylation).

The Fourier-transform infrared spectrometric analysis of the
different samples confirms the synthesis route (Fig. AM3, see
Additional Material Section). Microcrystalline cellulose is charac-
terized by typical bands at 3600-3100cm~! (a broad band that
corresponds to —OH stretching vibration) and 2900cm~! (C—H
stretching vibration).

However, these bands are poorly resolved and can be difficultly
used for identifying the products; more interesting is the interpre-
tation of the spectrum in the wavenumber range 1800-500 cm™!.
The small band at 1638 cm~! corresponds to the deformation vibra-
tion of hydroxyl groups. The bands at 1427 cm~! and 1365 cm™!
were assigned to CH, symmetric bending (at C-6) and C—H bend-
ing, respectively (Oh et al., 2005). The frequency at 1314cm™! can
be assigned to CH, wagging deformation at C6, while the small
peak close to 1282cm™! is attributed to C—H deformation mode
(Oh et al., 2005). The band at 1202 cm~! (doubled by another band
at 1236 cm~!, poorly resolved) is assigned to the deformation mode
of C—OH in plane at C-6. The bands at 1159cm~! and 1051 cm™!
are assigned to C—0—C stretching mode (at 3-glycosidic linkage)
and to the stretching vibration modes of C—0 at C-3 and/or of C—C
(Oh et al., 2005). The in plane deformation mode for the carbo-
hydrate ring is identified by the peak at 1105 cm~!.The stretching
modes for C—0 at C-6 are characterized by two bands at 1027 cm™!
and close to 1000 cm~!. The peak at 896 cm~! may be assigned to
several stretching vibrations corresponding to C—0—C, C—C—0 and
C—C—H bonds (Ciolacu, Ciolacu & Popa, 2011; Oh et al., 2005). The
peak at 661 cm~! is attributed to the out of plane bending mode
of the C—OH bond. After chlorination two bands are appearing at
749cm~! and 721 cm!, corresponding to stretching vibration of
C—Cl bond (Silva Filho et al., 2013). On the other hand, the band
at 896cm~! was shifted down to 867 cm~!. A new weak band is
also appearing at 1727 cm~!; this band is difficult to explain on
the basis of suggested mechanism since this wavenumber usu-
ally corresponds to carboxylic groups (Coates, 2000). This band is
not appearing in the chlorination of cellulose for the synthesis of
sulfur derivatives of cellulose (Silva Filho et al., 2013). After TEPA
grafting the two bands attributed to cellulose chlorination (i.e., 749

and 721 cm~1) disappear; the band at 866 cm~! (corresponding to
the shift of C—OH stretching of cellulose) also disappears. These
changes in FTIR spectrum are consistent with results obtained in
the grafting of ethylenediamine on chlorinated cellulose (Silva Filho
et al., 2013). This confirms the successful reaction of polyamine
on chlorinated groups. The efficient polyamination of cellulose is
also demonstrated by the strong peak appearing at 1647 cm™!,
which can be assigned to N—H bending vibration in primary and
secondary amine groups (Coates, 2000). The enlargement of the
band at 1010-1050cm~! may be explained by the increase in
the intensity of the peak at 1042 cm~!, which is assigned to the
N—H stretching vibration of primary and secondary amine groups.
After monochloroacetic reaction (PCMC) the main changes appear-
ing on FTIR spectrum concern: (a) the enlargement of the band
at 1639cm~, and (b) the increase in the intensity of the peak at
1387 cm!. These bands are generally poorly selective being iden-
tified in many bonds; however, they can probably be assigned to
carboxylate functional groups (Coates, 2000). These results are con-
sistent with previous elemental analysis and acid-base titration
characterization for confirming the synthesis route.

X-ray diffraction analysis of raw cellulose (Fig. AM4, see Addi-
tional Material Section) shows the typical peaks of cellulose I
at 20=15.1, 16.4, 22.6 (Krishnaveni & Thambidurai, 2011; Liu &
Zhang, 2009; Oh et al., 2005; Silva Filho et al., 2013). These peaks
correspond to 110, 110, 020 lattice planes of cellulose I (Isogai,
Usuda, Kato, Uryu, & Atalla, 1989). After chemical modification
the change in the structure of the biopolymer (hydrogen bonds
replaced with other bonds like C—Cl, C—N, etc.) is reflected by the
change in the crystallinity; instead of the relatively well-resolved
of microcrystalline cellulose the XRD patterns of PAC and PCMC
are characterized by an amorphous pattern (Park, Baker, Himmel,
Parilla & Johnson, 2010; Silva Filho et al., 2013). The drastic change
in the pattern after chemical modification (associated to the disap-
pearance of the typical peaks of microcrystalline cellulose) makes
meaningless the calculation of the crystalline index for PAC and
PCMC. Silva Filho et al. followed the appearance of an additional
crystallinity (new diffraction plans) after cellulose chlorination:
hydroxyl groups on amorphous parts of cellulose are replaced
by chlorine atoms (Silva Filho et al., 2013). After reaction with
ethylenediamine the polymer completely loses its crystallinity
(consistently with the present results). Silva Filho et al. assume
that the reaction of the amine compound with chlorinated cellu-
lose contributes to the disruption of the inner and intramolecular
bonds in the material: these interactions are responsible of the
structural organization and crystallinity of the original biopolymer.
While grafting the organic substituent the disorder of the mate-
rial is strongly increased (especially with the intercalation of large
molecules: the effect of TEPA is expected to be stronger than that
of ethylenediamine) and the material becomes amorphous.

Thermogravimetric analysis (under N,/O, conditions) shows
that the chemical modification of microcrystalline cellulose
strongly affects the degradation profile of the materials (Fig. AM5,
see Additional Material Section). Cellulose degradation follows a
simple degradation profile formed of 5 steps: (a) loss of absorbed
water (about 4%, w/w), (b) almost stable plateau (till 553 K), (c)
sharp weight decrease (with the highest rate of weight loss close to
593 K, given by the TDG), (d) slower phase of thermal degradation
(from 623 K to 813 K, which represents a weight loss of 12%), and
(e) the final plateau that corresponds to the complete degradation
of cellulose. The strong weight loss (about 85%) occurring around
595K corresponds to the thermal decomposition of the cellulose
while the second phase (slower slope) corresponds to the complete
combustion of the organic residue (under N,/O, atmosphere). For
PAC and PCMC the degradation profiles are also characterized by
5 steps: (a) weight of water absorbed in the biopolymer, (b) fol-



lowed by a progressive loss of weight (representing 10% for PAC
and 17% for PCMC) till 463 K, (c) sharp decrease of weight around
the maximum loss rate at 513 K that represents less than 30%, (d) a
progressive weight loss with a lower slope till reaching 873-903 K,
(e) final step with complete degradation of PCMC while for PAC
the residual amount is close to 3%. Similar increase in the stabil-
ity was reported for ethylene sulfide grafting on cellulose (Silva
Filho et al., 2013). In the case of chlorinated cellulose Silva Filho
et al. reported the release of surface-adsorbed water in the range
386-430K followed by the displacement of HCl molecule and the
condensation of the hydroxyl groups on C-2 and C-3 between 438
and 534K, and the final decomposition of cellulose fibers above
521K (da Silva Filho et al., 2006). After the grafting of ethylene-
diamine moiety the thermal degradation profile was very close
to the profile obtained for chlorinated cellulose: the decompo-
sition of the ethylenediamine substituent was identified in the
range 364-563 K. With PAC and PCMC the profiles are very similar
and close to the profiles obtained by da Silva Filho et al. (2006);
though the decomposition was performed under N,/O, atmo-
sphere (contrary to N, atmosphere). The first event corresponds
to a weak weight loss attributed to water adsorbed at the surface
of the sorbent, followed by a progressive weight loss represent-
ing 10-17% and that could be attributed to the loss of polyamine
(for PAC and PCMC) and carboxylic groups (for PCMC) (identified
by DTG peak at 513 K). In the next step the cellulose backbone is
decomposed and finally completely burned (at a higher temper-
ature than for microcrystalline cellulose; i.e., 877-903 K against
796 K).

It is noteworthy that these materials may have a significant
advantage against more conventional resins when considering the
complete life-cycle of the sorbents. Indeed, at the end of life cycle
the thermal degradation of synthetic resins (for example) may pro-
duce hazardous sub-products, such as toxic volatile compounds
(Dubois, Dozol, Nicotra, Serose, & Massiani, 1995). The changes in
the slopes and the different breakdowns in the degradation curves
can be correlated to the presence of the substituents, which have
their own thermal degradation patterns. Similar modifications of
thermal degradation profiles were reported in the case of chemi-
cal modification of cellulose by grafting of aldehyde and carboxyl
groups (Sharma & Varma, 2014).

Scanning electron microscopy was used for characterizing the
morphology of sorbent particles (Fig. AM6, see Additional Mate-
rial Section). Cellulose shows a fibrillary structure while cellulose
derivatives are characterized as small agglomerates of micro-size
flaked particles (100-200 nm). Fig. AM7 (see Additional Material
Section) shows the SEM-EDX analysis of the samples including their
EDX spectra and the cartographies of the distribution of O ele-
ment (tracer of cellulose backbone and poly(carboxylation)) and N
element (tracer of poly(amination)). In the case of cellulose the trac-
ers are C and O elements and the distribution of elements appear
homogeneous: the gradients can be directly correlated to the topo-
graphic changes (height of the sample and possible shadow effect).
The distribution of N elements (which is representative of polyam-
ination of cellulose) appears homogeneous in the cartography of
PAC (as is the distribution of O element, tracer of cellulose back-
bone). The N element is homogeneously distributed at the surface
of PCMC particles: the grafting of DETA is thus expected to be
homogeneous. The O element is present on both cellulose back-
bone and as the result of carboxylation of amine groups (reaction of
monochloroacetic acid): it is not possible to identify their respec-
tive contributions but the distribution of O element appears also
homogeneous; though the analysis is not quantitative the density of
O element is higher than in Cellulose sample. This is consistent with
the interpretations made in the elemental analysis of the sorbents,
where the carboxylation reaction was considered as almost quanti-
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Fig. 1. Effect of pH on La(lll) sorption using Cellulose, PAC and PCMC (Co:
100mgLlaL-!; T: 300K; contact time, t: 3 h; sorbent dosage, SD: 200 mgL~"; ini-
tial pH values: 1.01, 2.00, 2.99, 3.99, 5.02, 6.01 and 6.98, respectively, See Fig. AM8,
Additional Material Section for pH variation during metal sorption).

tative: carboxylic groups are homogeneously distributed (similarly
to amine groups, and N element).

3.2. pH effect on La(Ill) sorption

The pH has a critical impact on La(Ill) sorption (Fig. 1). The sorp-
tion capacity progressively increases with pH for cellulose, while
for both PAC and PCMC two regions can be identified: (a) a prelim-
inary pH range (between 1 and 3) with a slight increase in sorption
capacity and (b) above pH 3 a strong increase in sorption capacity.
For PAC the sorption levels remain very close to the values reached
with cellulose at pH below 3. Cellulose sorbent (used as the refer-
ence) is able to bind metal cations through hydroxyl groups while
cellulose derivatives are offering numerous different groups: pri-
mary and secondary amine groups for PAC and carboxylic groups
and tertiary amine groups (Fig. AM1, see Additional Material Sec-
tion). This sigmoidal shape of the g-pH curve was also reported
in the binding of REEs using EDTA- and DTPA-chitosan derivatives
supported on silica particles through sol-gel process (Roosen et al.,
2014).

The acid-base properties of these specific groups are important
parameters for the interpretation of pH effect on metal sorption.
Indeed, protonation/deprotonation reaction affect the affinity of
these reactive groups for metal cations that can be bound on (a)
carboxylate groups by chelation and/or ion exchange (exchange
of protons with metal cations), or on (b) deprotonated amine
groups by chelation on the free electron doublet of nitrogen (in
amine groups). Depending on the pH and the protonation of these
reactive groups the different binding mechanisms can be opera-
tive or not. In the case of PAC the TEPA immobilized on cellulose
brings primary and secondary amine groups with intrinsic acid-
base properties; although these acid-base properties are affected
by the grafting on cellulose backbone the pK, values of the 5 amine
groups are reported to be close to 3.36, 4.92, 8.22, 9.23 and 9.80
(values at low ionic strength, increasing the ionic strength slightly
shifts pK, values toward higher values; ApK,: 0.2-0.3), respec-
tively (De Stefano, Foti, Gianguzza, & Sammartano, 2000). As a
consequence the deprotonation of amine groups will occur at pH
higher than 3.4: this can be correlated to the significant increase in
sorption capacity of PAC at pH higher than 3. In the case of chitosan
aminopolysaccharide the sorption of Eu(Ill) was also correlated
to the progressive deprotonation of amine groups: FTIR analysis
confirmed the major contribution of amine groups (with a stabi-
lization effect of hydroxyl groups) (Cadogan, Lee, & Popuri, 2015).



Ozaki et al. already reported the formation of outer spherical com-
plex of amine groups of chitosan (Ozaki et al., 2006). In the case
of PCMC, the coexistence of both amine functions and carboxylic
groups makes the interpretation relatively more complex. By anal-
ogy with carboxymethyl chitosan (Wang, Chen, Liu, Li, & Zhou,
2008), it is possible to identify critical pH values for the deprotona-
tion of carboxylic groups (in the range 2.4-3.1) and amine groups
(i.e.; 6.3-7.8): these values were reported for carboxymethyl chi-
tosan and depends on the ionic strength, the degree of substitution
of chitosan and the degree of ionization of reactive groups. Obvi-
ously the specific values for pK, values of carboxylic and amine
groups in PCMC will be different but these values are indicative of
the intrinsic acid-base properties of the cellulose derivative and its
deprotonation behavior. At pH above 3 carboxylic groups are depro-
tonated and carboxylate functions are beginning to bind La(IIl)
cations, on the other hand when the pH increases amine groups
are progressively becoming less protonated and both carboxylate
and amine sites will be able to bind metal cations. In the case of
La(IIl) on Pseudomonas aeruginosa, the binding of the metal ions was
associated to peptidoglycans present on the cell wall of the bac-
teria through a mechanism involving several carboxylate groups
and amine groups of different adjacent chains (Texier, Andres,
[llemassene, & Le Cloirec, 2000). In the case of La(Ill) biosorption
on Pseudomonas sp. the binding mechanisms were attributed to
a combination of ion-exchange, complexation and microprecipi-
tation at the surface of the biomass (Kazy, Das, & Sar, 2006). In
the case of chemically modified chitosan Eu(Ill) binding mech-
anism was attributed to coordination with two nitrogen atoms
and three oxygen atoms in the case of EDTA-grafted derivative
and with three nitrogen atoms and four oxygen atoms for DETPA
(diethylenetriamine pentaaceticacid) (Roosen & Binnemans, 2014).
This mechanism is enhanced by the deprotonation of both amine
groups and carboxylate groups. Similar mechanisms can be antici-
pated for La(Ill) sorption on PCMC. The complexation of lanthanides
with tetraethylenepentamine (in DMSO solvent) demonstrated the
direct binding of Eu(Ill) and Tb(Ill) through amine groups with
contribution of solvent molecules (Di Bernardo et al., 2008). As a
conclusion the binding of La(Ill) increases with pH due to the pro-
gressive deprotonation of amine and carboxylic groups that can
bind metal cations through chelation and/or ion exchange.

The pH can also influence metal speciation through forma-
tion of hydroxo-complexes that may change the global charge of
La(III); in the presence of soluble ligand this would also affect the
chelation of the metal and then its affinity for reactive groups
(change in the global charge) and even the binding mechanism
and the pH range of optimal sorption (Diniz & Volesky, 2005b;
Guzman, Saucedo, Navarro, Revilla, & Guibal, 2002; Guzman,
Saucedo, Revilla, Navarro, & Guibal, 2003). In the case of 2 mM
La(Ill) solutions, the calculation of metal speciation using Medusa
(Puigdomenech, 2010) shows that the formation of the hydroxo
complex La(OH)" only begins at pH 6.1 while the formation of the
precipitate of La(OH); only occurs above pH 7.5. This means that
under selected experimental conditions, the metal does not precip-
itate and the hydroxo complex (which represents less than 2-3%)
does not really contribute to metal binding. Fig. AM8 (see Addi-
tional Material Section) shows pH variation during metal sorption.
In the range pH 1-4, pH remains almost constant while in the range
4-6 the pH tends to increase (this is probably associated to proton
binding). Above pH 6 the pH tends to decrease in relation with the
formation of hydroxo complexes. However, it is noteworthy that
the maximum pH variation (ApH) does not exceed 0.7 unit.

3.3. Uptake kinetics

Uptake kinetics were compared for the three sorbents (Fig. 2).
Very similar profiles are obtained: a fast initial sorption (within
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Fig. 2. La(Ill) uptake kinetics for Cellulose, PAC and PCMC (Co: 100mgLaL-'; pH:
5; T: 300K; sorbent dosage, SD: 200 mgL-') and modeling with the PFORE and the
PSORE.

the first 50 min of contact) with almost linear increase in sorption
capacity (vs. time), which represents about 80% of total sorption.
The sorption occurs on the very accessible sorption sites located at
the surface of sorbent particles; the sorption velocity is enhanced
by the high concentration gradient between the solution and the
surface (and the internal reactive sites). In the range of contact time
50-120 min, the sorption velocity decreases due to a decrease in
the concentration gradient and to the contribution of the mech-
anism of resistance to intraparticle diffusion. Between 120 and
180 min of contact the sorption continues with very slow veloc-
ity due to strong resistance to intraparticle diffusion (to reach the
most internal sorption sites through the thinnest pores). The equi-
librium plateau is systematically reached within 180 min of contact
(at least under selected experimental conditions). These trends are
confirmed by the Weber and Morris plots (Fig. AM9, see Additional
Material Section): three linear segments are identified correspond-
ing to these three steps and to possible contributions of different
diffusion mechanisms due to micro-, meso- and macro-porosities
of the sorbents in addition to resistance to film diffusion.

In Fig. 2 the solid lines represent the fitted curves (solid lines)
superimposed on experimental data (symbols) for both the PFORE
and the PSORE using the model parameters summarized in Table 1.
Both models give good fit of experimental data; however, the PFORE
achieves a better fit of experimental profiles, especially in the most
curved part of the profiles. In addition, the comparison of calculated
sorption capacities at equilibrium with experimental values shows
that the PSORE systematically overestimates the sorption capacity
while the PFORE gives very close values.

This is also consistent with the comparison of determination
coefficients (i.e., R?) that are systematically superior for PFORE than
for PSORE. It is noteworthy that the PFORE apparent rate coefficient



Table 1
Kinetic parameters for La(IlI) sorption using cellulose, PAC and PCMC.

Model parameters Sorbent
Cellulose PAC PCMC
Experimental Qeq (exp.) (mgLlag') 34.0 79.9 135.5
PFORE Qeq (calc.) (mgLag™') 334 79.5 134.7
ki x 102 (min~1) 2.83 2.63 2.63
R? 0.989 0.991 0.995
PSORE Qeq (calc.) (mgLlag™1) 37.2 89.2 150.5
ky x 10° (gmg~'min~')  1.05 0.38 0.23
R? 0.982 0.978  0.987

(i.e., ky) is almost the same for the three sorbents (in the range
2.63-2.83 x 1072 min~1). La(Ill) sorption is relatively fast under
selected experimental conditions: 150-180 min of contact are suffi-
cient for reaching the equilibrium and the apparent rate coefficient
(PFORE) is not significantly affected by the chemical modification
of the support (ky: 2.7 £ 0.1 x 10-2 min—1).Itis noteworthy that the
rate coefficient for the PSORE tends to progressively decrease with
the polyamination and the grafting of the carboxylic acid groups
(ky decreases from 1.05 x 1073 to 0.23 x 10-3gmg~! min~'). The
apparent rate coefficients intrinsically take into account the effect
of resistance to intraparticle diffusion when applied to heteroge-
neous systems. This may explain the effect of chemical modification
on the PSORE coefficient in relation with the change in crystallinity
and the packing of the polymer network. Surprisingly, the decrease
in the crystallinity of the material is expected to enhance hydration
and mass transfer performance and a contrary trend is observed
in the present case. The Weber and Morris plots (Fig. AM9, see
Additional Material Section) show an increase in the rate coeffi-
cient for intraparticle diffusion on the first two segments according
the sequence: PCMC > PAC > Cellulose; this means that the chemical
modification is supposed to improve the mass transfer properties.
This would be consistent with the re-arrangement of the crystalline
structure associated to the insertion of large molecules (confirmed
by XRD analysis): microcrystalline cellulose turns to amorphous
materials, which, is expected to improve hydration and diffusion
properties. However, at the overall level, this is not clearly appear-
ing (almost constant value of ky).

3.4. Sorption isotherms and thermodynamic analysis

The sorption isotherms have been investigated at 4 different
temperatures in order to evaluate thermodynamic parameters,
maximum sorption capacities and sorption affinity of the three
sorbents for La(Ill) (Fig. 3). Systematically the sorption capacity
increases with temperature: the sorption mechanism is endother-
mic. The curves are all characterized by a steep initial slope followed
by a progressive saturation plateau. This asymptotic form is more
consistent with the Langmuir equation than with the Freundlich
equation. This is confirmed by the linearization of experimental
data with the two models (Figs. AM10 and AM11 for Langmuir and
Freundlich equations, respectively; see Additional Material Sec-
tion) and by the good simulation of experimental data (represented
by solid lines in Fig. 3): Langmuir equation perfectly fits experi-
mental data: the determination coefficients are close to 1 (Table 2)
and higher than those obtained with the Freundlich equation (Fig.
AM11, Table AM2, see Additional Material Section).

Though good mathematical fits do not mean that the hypothe-
ses associated to the model are fulfilled; this is an indication of
possible mechanisms involved in metal binding: in the case of
Langmuir model the sorption is supposed to occur as a monolayer
phenomenon without interactions between sorbed molecules with
homogeneous energy of sorption (homogeneous sorption sites).
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Fig. 3. Effect of temperature on La(Ill) sorption isotherms using Cellulose (a), PAC
(b) and PCMC (c) at pH 5.

The coexistence of different reactive groups (hydroxyl in cellulose
and derivatives, amine groups in PAC and PCMC and carboxylate
groups in PCMC) does not affect the mathematical fitting of sorp-
tion isotherms, despite the diversity and the different affinities of
these reactive groups.

Obviously, the maximum sorption capacity increases according
the sequence Cellulose < PAC < PCMC. La(IIl) is considered as a hard
acid (low polarizability, forming “hard spheres”; softness param-
eter: —0.75 (Marcus, 1997)), which is supposed to react strongly
and fast with hard bases (Pearson, 1966). La(Ill) form preferen-
tially complexes with ligand having oxygen as the donor atom.
The reaction of monochloroacetic acid on PAC leads to the graft-
ing of numerous carboxylic acid groups, whose, in turn, enhance
La(III) sorption. This is consistent with the ranking in affinity coeffi-
cients (coefficient b in Table 2) Cellulose < PAC « PCMC. The affinity



Table 2

La(IlI) sorption isotherms at different temperatures for cellulose, PAC and PCMC - Parameters of the Langmuir equation.

Sorbent Temp. (K) Qqm (mmolLag1) qm (mglag') b(Lmg1) Qqm xb(Lg™1) R?
Cellulose 293 0.238 33.1 0.0811 2.68 0.999
300 0.259 35.9 0.0829 2.98 0.998
313 0.274 38.0 0.0898 3.41 0.999
323 0.293 40.7 0.0905 3.68 0.999
PAC 293 0.583 80.9 0.099 8.00 0.999
300 0.630 87.6 0.106 9.28 0.999
313 0.716 99.5 0.109 10.82 0.999
323 0.766 106.4 0.117 12.45 0.999
PCMC 293 0.961 1335 0.144 19.16 0.999
300 1.044 145.0 0.153 22.19 0.999
313 1.170 162.6 0.160 26.01 0.999
323 1.271 176.5 0.162 28.61 0.999
Table 3
Comparison of sorption capacity for La(IllI) ions with selected sorbents.
Sorbent Initial pH Time, (min) Temp. (K) Sorption capacity, Reference
(mglag™')
Amine-chitosan magnetic 5 240 320 50.6 Galhoum et al.
nanobased particles (2015b)
Activated carbon derived 35 60 293 175.4 Awwad, Gad,
from rice husk Ahmad, and Aly
(2010)
Modified bamboo charcoal 7.2 300 288 192.0 Chen (2010)
308 214.0
Sargassum polycystum 3 1440 - 1111 Diniz and Volesky
Ca-loaded biomass (2005a)
4 1440 - 125.0
5 1440 - 138.9
Iron oxide loaded 2.3 1680 19 Wu, Zhao, Zhang,
Ca-alginate beads 98.7 Wu, and Yang
119.3 (2010)
3.5 298
5
Grapefruit peel 5 60 - 171.2 Torab-Mostaedi,
Asadollahzadeh,
Hemmati, and
Khosravi (2013)
Sn0,-TiO, NCs 5 60 298 65.6 Rahman, Khan,
nanocomposites Marwani, and Asiri
(2014)
Polydopamine on 45 1440 298 59.6 Hong et al. (2014)
nanofibrous mats
DTPA functionalized magnetite nanoparticles 6 920 298 62 Almeida and Toma
(2016)
Lewatit TP 207 and TP 260 resins 3.6and 5.2 30 298 114 and 106 Esma et al. (2014)
EHPNA(Extractant) loaded microcapsules 3 10 313 19 Karnio et al. (2008)
Carboxymethyl cellulose based open-cellular 7 30 303 384.6 Zhu, Wang, Zheng,
hydrogel adsorbent Wang, and Wang
(2016)
Cellulose 5 180 323 384 This work
PAC 5 180 323 101.3 This work
PCMC 5 180 323 170.2 This work

-: not clearly mentioned.

coefficient can be also used for calculating the Ry dimensionless
constant:

_ 1
_1+b><C0

when Ry is below 1 the solute binding is usually considered as a
“favorable” sorption process. Obviously, for a given system, increas-
ing initial concentration (Cg, mgLaL~1) mathematically decreases
the value of R;. These values were calculated for the two extreme
initial concentrations (i.e., Cy: 25 and 200 mg LaL~1) at the different
temperatures: the values of R systematically range between 0.05
and 0.33 for Cellulose, between 0.04 and 0.29 for PAC and between
0.03 and 0.22 for PCMC. Obviously the sorption of La(Ill) on the
three sorbents is favorable, the “favorability” increases with metal
concentration and is comparable for the three sorbents.

Ry (3)

The grafting of new reactive groups on cellulose backbone obvi-
ously increases sorption efficiency and capacity. However, it is
difficult correlating maximum sorption capacities to the content
of these sorbents (molar concentration of amine groups and car-
boxylic acid groups) since different mechanisms can be involved
at molecular level, depending on reactive groups (amine groups vs.
combined amine/carboxylic acid groups) and their steric arrange-
ment/packing. Acid-base titrations showed 7.61 mmol —NH g~! for
PAC and 4.73 mmol —NH g~ plus 8.74 —COOH g~! for PCMC (i.e.,
13.47 mmol reactive groups g-!). For PAC the maximum sorp-
tion capacities (varying with the temperature) are in the range
0.58-0.77 mmolLag-! while for PCMC they vary between 0.96
and 1.27mmolLag-!: this means that the maximum sorption
capacities are about 66% higher for PCMC than for PAC while



Table 4
Thermodynamic parameters for the sorption of La(Ill) using Cellulose, PAC and
PCMC.

Sorbent Temperature AH® AS® AG® Tx AS°
(K) (kjmol-')  (Jmol'K-1) (kjmol-')  (kJmol')
Cellulose 293 3.18 88.4 -22.7 259
300 —23.3 26.5
313 —24.5 27.7
323 —-254 28.6
PAC 293 3.94 92.7 —23.2 27.2
300 -239 27.8
313 -25.1 29.0
323 —-26.0 30.0
PCMC 293 3.07 92.9 —24.2 27.2
300 -24.8 279
313 -26.0 29.1
323 —26.9 30.0

the total number of reactive groups were about 77% greater
for PCMC (compared to PAC). In the case of La(lll) binding
on diethylenetriaminepentaacetic acid (DTPA) immobilized on
magnetite nanoparticles the metal occurs by interaction with 4
available acetate groups (with possible contribution of amino
groups) (Almeida & Toma, 2016). Though the steric hindrance and
conformation of reactive groups are different, assuming the same
theoretical molar ratio would lead to a two-fold increase in the
maximum sorption capacity compared to the actual results; this
means that some reactive groups are probably not available or
accessible.

Table 3 reports La(lll) sorption performances of a series of
sorbents. The comparison with the sorbents investigated in this
study (though not exactly under the same experimental conditions)
shows that PAC have comparable sorption capacities to conven-
tional sorbents while PCMC is among the best sorbents. Though
some of these selected materials have faster kinetics (Karnio et al.,
2008) or higher sorption capacities (Chen, 2010), PCMC appears to
be a competitive sorbent for La(Ill) recovery. Some resins, for exam-
ple the gel-type weak acid resin GTWAR 110-H, exhibit even much
higher sorption (i.e., 323 mgLag! at pH 5) (Xiong & Rao, 2012).

The Dubinin-Radushkevich (D-R) model was also used for fit-
ting sorption isotherms. Fig. AM12 (see Additional Material Section)
shows the linearization of experimental data. It is noteworthy that
the plots were not linear when all the concentration data were used
for the linearization (see example given by grey line linear correla-
tion). Such a bad linearization would underestimate the slope and
affect the determination of intrinsic parameters of the D-R model.
The lowest metal concentration point was systematically removed
from the linearization calculation giving good determination coef-
ficients (R%). Table AM3 (see Additional Material Section) shows the
parameters for D-R modeling (calculations made on selected data
removing the first concentration which is out of the linear range);
it is noteworthy that the qpg values obtained are very close to the
experimental values and sorption capacities at monolayer satura-
tion obtained with the Langmuir equation (Table 2): this justifies
the conditions selected for D-R modeling. The Epg values (mean
free energy for sorption per mole) are systematically lower than
6.8kJmol~1. It is commonly accepted that Epg below 8 k] mol~!
means that the sorption occurs through a physical sorption mech-
anism.

The Van't Hoff equation was used for calculating the thermody-
namic parameters (Table 4 and Fig. 4) using the affinity coefficients
of the Langmuir equation (i.e., b) obtained at different tempera-
tures:
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Fig. 4. Van't Hoff plot for La(IlI) sorption isotherms using Cellulose, PAC and PCMC
(data from Fig. 3 and Table 2).

AG? = AH? — TAS® (5)

where AG? (kjmol—1), AH? (kJmol~1) and AS® (Jmol~1K-1) are
the free Gibbs energy change, the enthalpy change and the entropy
change and R the gas constant (4.185 ] mol~1 K-1).

Table 4 shows that (a) the values of enthalpy change are positive
(as a confirmation of the endothermic nature of the sorption pro-
cess), and (b) very close for the three sorbents (ranging between 3.1
and 3.9 k] mol—1). The global enthalpy changes consist of the com-
bination of the dehydration enthalpy (AHgehydr, Which is supposed
to be positive due to the energy required for breaking the ion-water
and water-water bonding of the hydrated metal ions) and the com-
plexation enthalpy (AHompiex, also positive) (Mahfouz, Killa, Sheta,
Moustafa, & Tolba, 2014). The free Gibbs energy change is nega-
tive for the three sorbents (with values very close) the reaction is
spontaneous (AGO absolute value increases with temperature). The
entropy change was systematically positive: the randomness of the
reaction increases with the sorption process. This may be associ-
ated to the release of water molecules bound to La(Ill) ions or the
exchange of metal ions with more mobile ions (initially present on
the sorbent) (Sert et al., 2008); the values are of the same order
of magnitude than those found for lanthanum sorption on bamboo
charcoal (Chen, 2010). In addition, [TAS?| > | AHO|; this means that
the sorption process is more controlled by entropic changes than
by enthalpy changes.

3.5. La(lll) desorption and sorbent recycling

Metal desorption and sorbent recycling are key parameters for
the competitiveness of the process: making possible the enrich-
ment of the metal for further valorization, decreasing the cost
of the process (by sorbent re-use), and in some cases metal des-
orption can be used for enhancing the selective separation of the
metals (Nishihama et al., 2013; Raju, Srinivasan, & Subramanian,
2005). Nitric acid solutions (0.5 M) were used for eluting La(Ill) from
metal-loaded sorbents. Table AM4 (see Additional Material Section)
reports the sorption capacities obtained along 5 successive cycles
of sorption/desorption. The three sorbents show a relatively good
stability in sorption performance: the progressive decrease in sorp-
tion capacity does not exceed 8% for Cellulose and PCMC and 6% for
PAC at the fifth cycle. Similar limited decrease in sorption efficiency
was cited in the case of La(Ill) sorption/desorption from Turbinaria
conoides macro alga (using 0.05M HCI solutions) (Vijayaraghavan,
Sathishkumar, & Balasubramanian, 2010). The sorbents can be effi-
ciently recycled for a minimum of 5 cycles of sorption/desorption.



4. Conclusion

The grafting of tetraethylenepentamine on cellulose (TEPA) (via
the chlorination of biopolymer backbone) produced a first sorbent
(PAC) which can be functionalized by carboxymethylation (using
monochloroacetic acid) to produce PCMC (a derivative of cellu-
lose bearing both amino and carboxylic acid groups). FTIR analysis
and acid-base titration confirmed the expected structures of the
materials that are less crystalline than pristine cellulose. Sorption
efficiency increases significantly above pH 3 due to the progressive
deprotonation of carboxylic acids and protonated amine groups.
The sorbents have increased efficiency for La(Ill) recovery following
the sequence Cellulose « PAC < PCMC. Sorption is endothermic (pos-
itive AHO), spontaneous (negative AG?) and controlled by entropic
change (positive AS9) with sorption capacities reaching 38, 101
and 170 mgLag! for cellulose, PAC and PCMC, respectively. Lang-
muir equation fits well sorption isotherms and the uptake kinetics
are controlled by the resistance to intraparticle diffusion. Indeed,
the multi-linear plots with Weber and Morris equation mean that
several mechanisms are involved depending on the co-existence of
different pore sizes, the contribution of film diffusion, etc. However,
the pseudo-first order rate equation perfectly fits kinetic profiles
with apparent rate coefficients that are very similar for the three
sorbents. Metal ions can be readily desorbed using 0.5 M HCl solu-
tions and the decrease in sorption capacity remains below 8% at
the fifth cycle. This makes these sorbents (especially PCMC) very
efficient for La(Ill) recovery for environmental or valorization appli-
cations (metal recovery of valuable metals such as REEs). However,
these materials could be also used as supports for other analyti-
cal applications or separation processes. Indeed, lanthanum can be
immobilized on supports for synthesizing sorbents (immobilized
metal-ion affinity chromatography, IMAC) with specific affinity for
fluoride (Wang, Lin, Luo, & Yao, 2015; Zhang, Lyu, Su, Bian, Yu, &
Zhang, 2016), phosphate (Wang, Liu, Liu et al., 2015; Wang, Shen,
Shen, & Li, 2016) proteins (Liu, Zhang, Chen, & Wang, 2014), for
example.
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