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A R T I C L E  I N F O

Keywords: 
Easy synthesis of a highly efficient sorbent for 
cesium through ready condensation of 
acetamido-aminomethanesulfonic acid (via 
formaldehyde reaction) 
Fast cesium uptake onto microparticles (fitted 
by the pseudo-first order rate equation) 
Remarkable desorption and sorbent recycling 
using 0.3 M HNO3 solution 
Good sorption performance in seawater 
Selectivity against alkali and alkali-earth metal 
ions 
Limited toxicity against Gram+ and Gram- 
bacteria and pathogenic yeast, reduced 
cytotoxicity against normal cells (but inhibiting 
cancerous cells) 

A B S T R A C T

A new sorbent (ACES-F micro-particles) is readily synthesized by the one-pot reaction of N-(2-acetamido)-2- 
aminoethanesulfonic acid with formaldehyde (poly-condensation reaction). The mesoporous sorbent is charac-
terized by BET analysis (SBET: ≈6 m2 g− 1), SEM-EDX (N: ≈7–8 % and S: 5 %), FTIR spectroscopy (identification of 
amine, sulfonic groups and their interactions with metal ions), TGA, elemental analysis, and titration (pHPZC: 
≈5.7). The study of pH effect on Cs(I) shows an optimum close to 8 (with intermediary optimum at pH 4, 
associated with different reactive groups). The micron-size sorbent shows fast sorption (equilibrium in 60 min) 
and the pseudo-first order rate equation fits the kinetic profile. The sorption isotherm reaches up to 1.99 mmol 
Cs g− 1; the Langmuir equation models isotherm profiles. The sorption decreases with increasing temperature; 
sorption is exothermic. Cesium uptake is affected by the presence of NaCl; however, even in large excess of salt (i. 
e., 4 M) sorption remains relatively high (loss <60 %). Selectivity is confirmed by the remarkable preference of 
the sorbent for Cs against alkali and other competitor metal ions, especially at pHeq ≈7. Metal desorption is 
highly effective using 0.3 M HNO3 solutions: complete desorption occurs in 30 min. The sorbent can be recycled 
for at least five cycles (losses <3 %). The interest of ACES-F for cesium recovery from seawater is confirmed by 
the study of Cs(I) sorption (and other major elements) from Vietnam and Egypt samples. The safety of the sorbent 
for aqueous bodies is evaluated by the cytotoxicity of the sorbent (limited against normal cells but highly reactive 
for cancerous cells); while the sorbent shows interesting antimicrobial properties for Gram+, Gram- and path-
ogenic yeast.   

1. Introduction

Apart its few uses in industry as drilling fluids, special optical glass,
catalyst promoter, atomic clock, or in radiation monitoring equipment, 
cesium is mainly investigated as one of the most representative of the 
hazardous elements in the suite of nuclear fission products (as its 
radioactive isotopes: 134Cs, 135Cs, and 137Cs) [1]. This is one of the main 
motivations for the numerous studies developed for the last decades. 

Solvent extraction has been recognized as an efficient process for the 
recovery of cesium, especially for high concentrations and nuclear 
power effluents [2,3]. However, for diluted solutions, combined 

treatments involving sorption processes are usually more appropriate. 
Extractant-impregnated supports constitute an intermediary step be-
tween solvent extraction and solid/liquid systems in the design of sor-
bents [4–6]. Zeolites and clays [1,7–10] have been widely used for 
accumulating cesium based on cage effect. This cage-effect can be also 
used with Prussian-blue (and analogues) supported materials [11–17] or 
metal–organic frameworks (MOFs) [18]. Ion-exchange and chelating 
resin are conventional systems for the recovery of metal ions (including 
Cs(I) and Sr(II) [19,20]. By analogy with commercial and in- 
development resins, biosorption processes were also investigated for 
cesium removal from aqueous solutions, including algal biomass 
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Guangdong Guanghua, Sci Tech-Co., Ltd (Guangdong,China). 

2.2. Synthesis of ACES-F 

The precursor (i.e., N-(2-acetamido)-2-aminoethanesulfonic acid, 
7.5 g) was dissolved in 25 mL of demineralized water (in 100-mL three 
necks round flask, equipped with a condenser, agitator, and thermom-
eter). Formaldehyde (3.7 mL, ≈4.03 g, 37 % w/w solution) was dropped 
into the reactor. The pH of the mixture was adjusted to 4, using 0.5 mL 
glacial acetic acid. The mixture was reflux at 90 ◦C for 5 h, under 
vigorous agitation (velocity 190 rpm). The white yellowish precipitate 
was filtered and washed up with acetone before being air-dried over-
night at 60 (±5) ◦C. The final product (9.4 g) was called ACES-F. Scheme 
1 shows the tentative structure of ACES-F. Based on the mass increase 
(compared with the amounts of precursor and condensation agent), the 
yield for sorbent production was close to 82 %. 

2.3. Sorbent characterization 

The FT-IR spectra were performed for raw material, after sorption, 
after being treated with simulated solutions of loading and elution (in 
terms of pH or acidic solution), and after recycling for 5 cycles of 
sorption/desorption. The samples were dried at 60 ◦C for 24 h before 
grinding and pelletizing with KBr to produce KBr-disks. The spectra 
were collected using an IR-Tracer; 100 FT-IR spectrometer (Shimadzu, 
Tokyo, Japan). The pHPZC (pH of zero-charge) was determined using the 
pH-drift method: an amount of 100 mg of sorbent was added to 50-mL of 
0.1 M NaCl solutions (as background salt) with variable initial pH values 
(in the range 1–11). The mixture was agitated for 48 h and the final pH 
(pHf) was measured. The pHPZC is referred to the pH value corre-
sponding to pH0 = pHf (no pH variation after contact with the sorbent). 
The pH values were monitored using of S220-Seven compact pH- 
ionometer (Mettler-Toledo Instruments, Shanghai, China). 

The concentration of cesium in the solutions was determined using 
atomic absorption spectrometry (Unicam 969, Thermo Electron- 
Corporation, Waltham, MA-USA). The concentration of sodium in the 
solution was determined by flame atomic absorption (FAAS, AA-7000- 
Shimadzu, Tokyo, Japan, while other elements in the solution (i.e., Fe, 
U, As, Al, Sr, etc.) were determined by ICP-AES (inductively coupled 
plasma atomic emission spectrometer, ICP 7510-Shimadzu, Tokyo, 
Japan). Theses samples were filtrated through filter membrane (pore 
size 1.2 µm) prior analysis. 

The SEM analysis was performed with a Phenom ProX scanning 
electron microscope (ThermoFisher Scientific, Eindhoven, Netherlands). 
The chemical composition of the materials semi-quantitatively deter-
mined using EDX tool (energy dispersive X-ray analysis coupled with the 
SEM). The porosity and surface area of the sorbent were characterized 

Scheme 1. Synthesis procedure for the preparation of ACES-F sorbent.  

[21,22], microalgae [23], cyanobacteria [24], biopolymers [25], or 
agriculture wastes [26]. Recently, Lee et al. [27] reported the use of 
sulfonic Dowex G26 cation exchange resin for the sorption of Cs(I), 
including in complex effluents such as brines. This is in the continuity of 
previous studies reporting the interest of sulfonate-bearing resins 
[28–30]. Different methods have been used for preparing these sulfonic- 
based resins, including radiation-induced polymerization (sodium sty-
rene sulfonate with polyacrylamide, [31]), chlorosulfonation of styrene- 
divinyl benzene beads (followed by grafting of aminopyridine, [32]), or 
Friedel-Crafts alkylation routes (for synthesis of sulfonated hyper-cross- 
linked polymers, [33]). 

Herein, a new sulfonic acid-bearing resin is designed by poly- 
condensation of a precursor (i.e., N-(2-acetamido)-2-amino-
ethanesulfonic acid, ACES) in the presence of formaldehyde, in mild 
acidic conditions. This type of reaction has been shown to be efficient for 
designing polymeric sorbents [34,35]. This simple one-pot synthesis 
method allows producing a multifunctional sorbent bearing amine, 
amide, and sulfonic reactive groups (herein called ACES-F; which may 
broadly contribute to metal binding. The objective of this work focuses 
on the evaluation of the potential of this sorbent for the recovery of Cs(I) 
under different conditions of pH (mild acidic solutions, i.e., pH 4, vs 
mild alkaline conditions, i.e., pH 8). A special attention is also paid to 
the determination of selectivity properties in order to estimate the po-
tential of this new sorbent for the treatment of complex solutions 
(including seawater or brines). For this purpose, the sorbent is fully 
characterized in terms of physical and chemical properties, before 
investigating the sorption characteristics using standard methodologies 
including the study of pH effect, uptake kinetics, sorption isotherms (at 
different temperatures for analyzing thermodynamics), metal desorp-
tion, sorbent recycling and selectivity (against metal ions and in function 
of ionic strength). Finally, the sorbent is tested for Cs(I) removal from 
complex solutions (i.e., seawater). Apart this study of sorption proper-
ties, the antimicrobial properties, and toxicity of the new material are 
characterized by the evaluation of the ZOI (zone of inhibition, with well 
technique) and the cell viability test, respectively. 

2. Materials and methods

2.1. Materials

Cesium nitrate (CsNO3; 99 %), N-(2-acetamido)-2-amino-
ethanesulfonic acid (≥99.9 %), strontium nitrate (99.99 %), calcium 
chloride (CaCl2 ≥ 99.9 %), sodium hydroxide (NaOH: ≥97.0 %), and 
formaldehyde (37 %) were purchased from Sigma-Aldrich (Taufkirchen, 
Germany). Magnesium chloride (MgCl2⋅6H2O, 99 %), sodium chloride 
(NaCl, ≥99.98 %), aluminum chloride (AlCl3⋅6H2O; 95 %), ferric chlo-
ride, (FeCl3, ≥99.5 %) and acetic acid (glacial, ≥99 %) were supplied by 
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of nuclear incident. 

2.6. Antimicrobial properties of ACES-F sorbent and cytotoxicity 

The use of newly synthesized materials must be questioned in terms 
of the impacts of their application onto the environmental and biological 
bodies. Herein, two criteria were investigated considering (a) the anti-
microbial properties (against two Gram-positive, two Gram-negative 
bacterial strains, and a unicellular fungus), and (b) the cytotoxicity of 
ACES-F (against two normal cell lines and one carcinogenic cellular cell 
line). The experimental procedures are fully described in the SI (Section 
E). 

3. Results and discussion

3.1. Sorbent characterization

3.1.1. Morphology and textural properties
Fig. S1 shows the SEM micrographs of ACES-F sorbent particles 

before and after cesium binding. The semi-quantitative EDX analyses of 
the surface of these samples are also provided. Sorbent particles are 
irregular in shape and size. The particles are generally rounded with 
sharp and irregular edges; meaning that external surface is higher than 
for smoothed surfaces. The size of these micro-objects is varying in the 
range 8–15 µm. After cesium sorption, the particles appear agglomer-
ated. The semi-quantitative EDX analysis of the surface of the sorbents 
shows comparable atomic concentrations for C and O elements (46.1 % 
and 41 %, respectively) but also substantial amounts of N and S elements 
(7.2 % and 5.5 %, respectively). The EDX analysis confirms the affinity 
of the sorbent for Cs(I); after sorption, the atomic content reaches 2.3 %. 

The textural properties of ACES-F are summarized in Fig. S2. The 
sorbent is relatively poorly porous (porous volume around 
0.0178–0.0209 cm3 g− 1 (derived from the adsorption and desorption 
branched for setting the extremum values), with the average size of 
pores ranging between 171 Å (sorption branch of N2 sorption/desorp-
tion isotherms) and 129 Å (desorption branch), both using the BJH 
method. According to IUPAC nomenclature, the sorbent may be quali-
fied a mesoporous material. This may explain that the specific surface 
area of ACES-F is relatively weak (i.e., 4.54 m2 g− 1, by the BET method; 
the C-value is found close to 27.12). The N2 adsorption/desorption 
isotherms correspond to type IV physisorption profiles (also correlated 
to mesoporous structure, [44]). The hysteresis loop approaches the H3 
shape; Thommes et al. [44] reported that this type of shape is usually 
associated with non-rigid aggregates of plate-like particles and also 
porous network consisting of macropores not completely filled with pore 
condensate. 

3.1.2. FTIR characterization 
FTIR spectra are collected and discussed in Section B.2. In order to 

evaluate and separate the respective contributions of environmental 
parameters (pH control, or contact with eluent) and proper interaction 
of the sorbent with Cs(I) at pH 4 and pH 8, the changes observed on FTIR 
spectra are compared for samples mixed with solutions at pH 4 and 8 in 
the presence and absence of Cs(I). The main changes observed at pH 4 
concern carbonyl and nitrogen-based reactive groups and the weak shift 
of the band of sulfonic-based groups (and the appearance of strong peak 
at 1385 cm− 1, which can be associated with nitrate ions from the solu-
tion). Cesium sorption, at this pH, mainly involve carbonyl and amine 
groups. In the case of pH 8, the peak at 1111 cm− 1 is significantly 
reduced (compared with pH 8-conditioned sorbent and pristine ACES- 
F); this band may be assigned to an amine group but may be also asso-
ciated with the asymmetric stretching vibration of SO3. Other N-based 
and/or C–S bonds are affected by cesium sorption (shift of the band 
from 617 to 679 cm− 1). A new band (actually a doublet) also appears at 
930 cm− 1 after cesium binding for C–O stretching (which is associated 
with the tautomerization of amine groups in alkaline solutions). The 

by evaluation of nitrogen adsorption/desorption isotherms using TriStar 
II Micromeritics analyzer (Norcross- GA, USA). The BET equation was 
used for the determination of the specific surface area, while the porous 
characteristics were obtained by application of BJH equation, for both 
adsorption and desorption branches. The sample was swept in the ni-
trogen gas for around 4 h at 130 ◦C. Thermogravimetric analysis was 
carried out using the TG-DTASTA: 449-F3, Jupiter TG-DTA (Netzsch, 
Gerätebau-HGmbh, Selb, Germany). Analysis was performed under N2 
atmosphere with 10 ◦C min−  1 temperature ramp. 

The elemental composition (C, S, N, H and O, weight contents) was 
carried out on the sorbent using element analyzer (CHNOS, Vario EL III, 
Elementar Analysensysteme GmbH, Langenselbold, Germany). In addi-
tion, two titration procedures were tested for quantifying the amount of 
sulfonate groups present on the sorbent: 

(a) 20 mL 1 M NaCl solution were mixed with the sorbent (m: 0.1 g) 
under stirring for 5 h. A volume of 10 mL of free solution was collected 
for titration using 1 M NaOH solution (with phenolphthalein as the in-
dicator). The volume of titrating alkaline solution (i.e., 2.4 mL) is readily 
converted into sulfonate content: 4.8 mmol -SO3 g−  1 [36]. 

(b) 10 mL 1 M NaOH solution was mixed with the sorbent (m: 0.1 g) 
for 5 h, under stirring. After filtration, the residual solution was titrated 
against HCl (1 M, 5.1 mL). The back-titration of sulfonate groups cor-
responds to 4.9 mmol -SO3 g−  1 (consistently with the first method) [37]. 

2.4. Study of sorption properties and modeling 

Experiments were performed in batch. A fixed volume of solution (V, 
L), at initial concentration (C0, mmol Cs L−  1) and fixed initial pH0, was 
mixed with a given amount of sorbent (m, g). After selected time (24–48 
h for equilibrium experiments, or variable time for uptake kinetics), 
samples were collected and filtrated (filter membrane, pore size: 1.2 µm) 
before being analyzed for residual metal concentration (Ceq, mmol Cs 
L−  1). The concentration of the metal in the sorbent (qeq, mmol Cs g−  1) 
was calculated by the mass balance equation: qeq = (C0-Ceq) × V/m. The 
determination ratio (D, L/g) was obtained as the equilibrium ratio: D = 
qeq/Ceq. For desorption tests, the samples collected at the end of uptake 
kinetics were used for investigating desorption kinetics and sorbent 
recycling. The experimental procedures were similar to those adopted 
for uptake kinetic using 0.3 M HNO3 solutions as the eluent. Experi-
ments were duplicated, and figures represent the average value with the 
standard deviation. The remarkable superposition of experimental series 
confirm the good reproducibility of sorption tests. Sorption tests were 
also performed on synthetic complex solutions (multi-metal equimolar 
solutions, and in presence of increasing amounts of NaCl) with similar 
procedures to evaluate the sensitivity of the sorption properties to 
environmental and competition parameters. The specific experimental 
conditions are systematically reported in the caption of the figures. 

The modeling of uptake kinetics and sorption isotherms use con-
ventional equations, which are summarized in Supplementary Infor-
mation (SI, Section A, Tables S1a and S1b). Kinetic profiles were fitted 
by the pseudo-first and pseudo second order rate equations (PFORE and 
PSORE), and by the Crank equation (for resistance to intraparticle 
diffusion, RIDE) [38–40]. The sorption isotherms were simulated using 
the Langmuir, Freundlich, Sips, and Temkin equations [38,41,42]. The 
quality of the fits was evaluated by the determination coefficient (i.e., 
R2) and the Akaike Information Criterion (AIC, [43]). 

2.5. Application to seawater 

Sorption tests were also performed for recovering selected metals 
from real seawater samples collected in Da Nang (Vietnam) and Ra’s 
Garb (Red Sea Egypt). This part of the study completes the investigation 
of sorption selectivity with very complex effluent (large excess of so-
dium chloride). These experimental conditions simulate the possible 
application of the sorbent for the treatment of a cesium-contaminated 
seawater; as a pre-evaluation of the potentiality for ACE-F use in case 
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––
protonation/deprotonation of reactive groups (depending on pH vs 
pHPZC) may control attraction/repulsion phenomena for the binding of 
target metal ions. 

3.2. Sorption properties 

3.2.1. Effect of pH 
The effect of pH on Cs(I) sorption using ACES-F is compared at T: 20 

and 50 ◦C in Fig. 1. In strongly acidic solution (i.e., pH close to 1), the 
strong protonation of the sorbent (and the competition of protons) limits 
the sorption of cesium. Incrementing the pH of the solution progres-
sively increases the sorption of cesium up to pHeq close to 7.9, where the 
sorption capacity tends to stabilize. Increasing the temperature (from 20 
to 50 ◦C) halves the sorption capacity (from 1.094 ± 0.028 to 0.553 ±
0.026 mmol Cs g− 1): the sorption is exothermic. It is noteworthy that the 
pH-edge curve shows a double-wave profile. The triplicate experiments 
systematically showed the same behavior: the repeatable experiments 
confirm that a first step can be observed at pH 4–5 (slope break) fol-
lowed by a new increasing step up to pH 8. This two-steps profile is less 
marked in the case of T: 50 ◦C. The pH may influence metal sorption 
through the effect on metal speciation and/or the impact of protonation/ 
deprotonation of sorbent. Herein, under selected experimental condi-
tions Cs(I) is present as free cesium (i.e., Cs+) between pH 2 and pH 9 (Cs 
(I) percentage >99 %); at pH 1, the solutions contain a small fraction of
CsNO3 (i.e., 7.4 %) (Fig. S8). However, in the current case, the relative
stability of Cs(I) speciation in the investigated pH range does not in-
fluence the sorption process (as it may occur with systems involving pH- 
variation of metal speciation). Therefore, the large variation in sorption
cannot be attributed to metal speciation; it is thus protonation and
deprotonation of reactive groups that influence metal binding. The ex-
pected structure of ACES-F suggests the presence of both basic amine/
amide groups and sulfonic acid groups, which behave in opposite ways
regarding the effect of pH. Sulfonic acid-based groups are strong cationic
exchange groups (with very low pKa values), while amine/amide groups
are weakly basic groups (with much higher pKa values). In the primary
pH region (i.e., below pH 5, global cationic charge brought by proton-
ated amine groups), sulfonate groups bind Cs(I) with progressive
decrease in the competition effect of protons. When the pH increases
above pH 5, the amine/amide groups progressively deprotonate; this
deprotonation, in turn, brings to the sorbent new reactive groups for
cesium binding and the sorption capacity increases again. Above pH 8,
the stabilization of sorption capacity (including a weak decrease more
marked at T: 50 ◦C) can be explained by a shielding effect. Similar
behavior was reported for the binding of Sr(II) metal cations onto ami-
doximated sorbents [45,46].

Table S4 reports Cs(I) sorption performances for a series of sorbents, 
including the optimum pH. Selected pH values range between 5 and 9 
(with most in the range 7–8). For those sorbents accepting the acidic 
solutions (i.e., pH 5), the sorption capacity remained below 1.1 mmol Cs 
g− 1; meaning significantly lower than the value reached at pH 4 with 
ACES-F (1.44 mmol Cs g− 1, at saturation of the sorbent, see below 
Section 3.2.3.). 

Fig. S9 shows the log10 plot of distribution ratio D (L/g; D = qeq/Ceq) 
vs the equilibrium pH. This plot logically confirms the negative impact 
of the temperature on cesium recovery: D is shifted toward lower values 
when T increases up to 50 ◦C. Another interesting information concerns 
the substantial increase in the shift at the higher pH values (consistently 
with Fig. 1). Assuming that in this pH region the amine groups are 
contributing to cesium binding, this could indicate that these amine 
groups are more sensitive to temperature than sulfonate groups. 

The pH variation during metal sorption at both T: 20 ◦C and 50 ◦C 
appears in Fig. S10. The triplicate experiments show good reproduc-
ibility and that pH variations are independent of the temperature. Be-
tween pH 1 and 4, the equilibrium is not significantly affected by metal 
binding. On the opposite hand, above pH 4 the equilibrium pH tends to 
progressively decrease; this pH decrease becomes relatively important 

shift of the carbonyl band (from 1730 cm−  1 to 1742 cm−  1) also dem-
onstrates that the chemical environment of > C O is also involved in 
metal sorption. At neutral (weakly basic) pH, cesium sorption influences 
the environment of carbonyl and amine-based groups. In addition, sul-
fonic groups (deprotonated, consistently with the acidic behavior of 
sulfonic acid groups and pHpzc values) are also involved in metal bind-
ing. These supplementary groups (associated with the deprotonation of 
sulfonic acid moieties) contribute to the gap in sorption capacity at pH 4 
and at pH 8 (see below, Section 3.2.1.). 

3.1.3. Thermogravimetric analysis 
Fig. S6a shows that the thermal degradation of the polymeric sorbent 

operates in three steps: 
(a) below 203.4 ◦C, the sorbent loses about 14 % of its weight, 

associated with water release, 
(b) in the range 203.4–372.6 ◦C, the weight loss represents 47 %, this 

is probably associated with the depolymerization of the sorbent and the 
degradation of ending groups (S-bearing and N-bearing groups), 

(c) above 372.6 ◦C, the weight loss reaches 32 % and corresponds to 
the formation and progressive degradation of the char (above 450 ◦C). It 
is noteworthy that the char is relatively stable; indeed, above 600 ◦C, the 
additional weight loss remains negligible. 

At 890 ◦C, the total weight loss reaches 92.9 %. The DTG (illustrated 
by Fig. S6b) shows two important transitions occurring at 347.0 ◦C and 
490.4 ◦C (with two weaker shoulders at 141.6 ◦C and 594.2 ◦C). 

3.1.4. Elemental analysis 
Table S3 reports the elemental analysis of the sorbent (compared 

with the theoretical analysis of ACES precursor). The reaction of form-
aldehyde with amine-based reagents (such as urea, a carbamide-based 
compound) is supposed to involve addition reaction to form for 
example methylolurea (case of urea), followed by a polycondensation 
reaction through ether or methylene links. This reaction leads to a 
relative increase of C content into the produced polymer. This is 
confirmed by elemental analysis: C content increases from ≈22.0 mmol 
C g−  1 in ACES to ≈26.4 mmol C g−  1 in ACES-F. As expected, the O 
content hardly changes after polymerization (≈24.4 vs ≈22.0 mmol O 
g−  1). However, unexpectedly the fraction of N element in the material is 
significantly reduced (from ≈11 to ≈6.5 mmol N g−  1): this halved 
content cannot be correlated to the weight variation associated with the 
insertion of formaldehyde residue in the poly-condensed material. This 
probably means that a more complex mechanism is involved (compared 
to urea/formaldehyde polycondensation route). It is noteworthy that S 
content reaches 3.14 mmol S g−  1 (this is less than the content in ACES; i. 
e., 5.49). However, it is consistent with N content; indeed, N/S molar 
ratio in ACES (i.e., 2) is close to the value found in ACES-F (i.e., 2.07). 
The sulfonate content (determined by titration) on ACES-F can be 
evaluated to ≈4.8 mmol -SO3 g−  1. 

3.1.5. Titration – pHPZC 
The titration curve (pH-drift method) of the sorbent was performed 

in two types of solutions (i.e., 0.1 M and 1 M NaCl-containing back-
ground solutions). Fig. S7 shows relatively good superposition of the 
curves with a pHPZC close to 5.58–5.75. It is noteworthy that N-(2- 
acetamido)-2-aminoethanesulfonic acid (ACES, also known as N-(car-
bamoylmethyl)taurine) is qualified a good buffer reagent (pKa: 6.9). The 
polycondensation (in presence of formaldehyde) decreases by more than 
one pH unit through the transition between positively charged and 
deprotonated material. Apparently, the titration curve shows an 
inflexion point (at least a break) in the slope around 6.5–7; in a region 
where the sorbent is negatively charged. Notably, ACES may be con-
verted into 2-[(2-amino-2-oxoethyl)ammonio]ethanesulfonate by tau-
tomerization (deprotonation of sulfonic acid group into sulfonate group 
with proton transfer to central amine group, see SI, Section B4). The 
higher positively charged surface is registered at pHeq 3.7–3.8, while the 
surface turns to negatively-charged material at pH above 5.7. The 
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above pH0 6 and may reach up to 1.8 unit when pH0 = 10. This is 
consistent with the strong pH variation observed in the determination of 
pHPZC value (pH shift was more marked above pHPZC). With increasing 
the pH, the sorbent is naturally deprotonated; in addition, in the pres-
ence of Cs(I), metal binding releases protons. 

Scheme 2 illustrates the suggested mechanisms occurring in the 
sorption of uranyl ions at pH 4 and pH 8. These hypotheses are sup-
ported by the effect of the pH and the FTIR characterizations. 

3.2.2. Uptake kinetics 
The study of pH effect has singularized two specific values of pH 

(probably associated to sulfonate and amine groups). Therefore, uptake 
kinetics have been compared at two specific pH values (i.e., pH 4 and 8) 
(Fig. 2). The limited values of standard deviation confirm the good 
reproducibility of sorption tests. A contact time of 60–90 min is 

sufficient for reaching the equilibrium at pH 8, under selected experi-
mental conditions. It is noteworthy that at pH 4, the sorption is reduced 
(consistently with the data collected in Fig. 1); however, the equilibrium 
is reached faster (i.e., 20 min). Another significant difference can be 
identified in the first stage of the sorption (insert in the figure). For 
sorption at pH 4, the relative concentration sharply decreases (almost 
linearly) during this initial stage (0–40 min); contrary to the kinetic 
profile at pH 8, where the sorption proceeds more slowly till 20 min 
(with parabolic shape). 

The kinetic profiles have been modeled using three conventional 
equations: (a) the pseudo-first (PFORE) and pseudo-second (PSORE) 
order rate equations (derived from chemical rate equations in homo-
geneous systems), and (b) the Crank equation (for resistance to intra-
particle diffusion, RIDE) (See Table 1). These equations have been tested 
and the parameters (associated with the determination coefficient, i.e., 
R2, and the Akaike Information Criterion, AIC) are summarized in 
Table 1. The quality of fitting for both pH 4 and pH 8, can be ranked 
according: PFORE > PSORE > RIDE. Main discrepancies between 
experimental profile and simulated curves are observed in the curved 
regions (20–40 min for pH 4 and 20–90 min for pH 8). It is noteworthy 
that the unexpected shape of the kinetic profile in the early stage at pH 8 
leads to much lower correlation with the models. The calculated sorp-
tion capacities with the PFORE are closer to the experimental values 
(overestimation by 3–8 %) (compared with PSORE, overestimation by 
17–32 %); as a confirmation that PFORE is more appropriate than 
PSORE for fitting uptake kinetics. Consistently with previous data 
increasing the pH increases sorption capacity from 0.619 ± 0.015 to 
1.04 ± 0.010 mmol Cs g− 1). The apparent rate coefficient (k1) is more 
than halved when the pH increases from pH 4 to pH 8: from 8.84 ± 0.32 
× 10− 2 to 3.93 ± 0.03 × 10− 2 min− 1. In the case of hydroxysulfate green 
rust-modified aluminosilicate composite Huang et al. [47] did not report 
significant variation in the apparent rate coefficient between pH 2 and 
12 (i.e., 5.6–5.8 × 10− 2 min− 1). 

The apparent rate coefficients are of the same order of magnitude 
than those reported for HNO3-treated sawdust [48], metal organic 
framework (MOF = Nd-benzene tricarboxylic acid) [49] but higher than 
the values (2.0–5.8 × 10− 3 min− 1) cited by Bezhin et al. [6] for a series 
of sorbents and ion-exchangers and by Erenturk et al. [32] for amino 

Fig. 1. Effect of pH on Cs(I) sorption capacity using ACES-F sorbent at T: 20 ◦C and 50 ◦C (Sorbent dose, SD: 0.67 g/L; time: 48 h; v: 210 rpm; C0: 0.767 ± 0.039 
mmol Cs L− 1; average (+/− standard deviation) for triplicated series). 

Scheme 2. Tentative sorption mechanisms for U(VI) binding onto ACES-F.  
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pyridine sulfone amid resin (i.e., 7 × 10− 3 min− 1). Faster kinetics were 
reported for metal-hexacyanoferate modified MOF (i.e., k1: 0.1 min− 1) 
[50]. 

Despite weaker correlation between simulated and experimental 
values, the RIDE allows roughly evaluating the order of magnitude of the 
diffusion coefficient of Cs(I) in the sorbent. The effective diffusivity is 
significantly reduced while increasing the pH from 4 to 8 (consistently 
with the profiles) from 1.13 ± 0.03 × 10− 11 to 0.145 ± 0.005 × 10− 11 

m2 min− 1. These values are 4 to 5 orders of magnitude lower than the 
self-diffusivity of Cs(I) in water (i.e., 1.26 × 10− 7 m2 min− 1, [51]). This 
is indicative that the resistance to intraparticle diffusion contributes to 
the global control of uptake kinetics. In the case of Cs(I) sorption on Eu- 
AV-20 (microporous lanthanide silicate), Figuereido et al. [52] reported 
even lower diffusivities (by two orders of magnitude). The diffusivity of 
Cs(I) in extractant impregnated resin is slightly higher (i.e., 2.8 × 10− 10 

m2 min− 1, [53]). The poor fitting of experimental profile with the Crank 
equation (especially at pH 8) means that other mechanisms are probably 
involved in the control of kinetics (associated with resistance to film 
diffusion, in complement to the reaction rate approached with the 
PFORE). 

3.2.3. Sorption isotherms and thermodynamics 
The sorption isotherms are reported in Fig. 3 for increasing tem-

peratures (from 20 to 50 ◦C) at pH 4 and 8. Good reproducibility in 
sorption performances is confirmed by the low values of standard de-
viations. The profiles are characterized by a steep initial slope and the 
appearance of a saturation for residual Cs(I) concentrations close to 3 
mmol Cs L− 1. This asymptotic trend allows anticipating that the 
Freundlich (power-type function) is not appropriate for fitting the dis-
tribution of the solute between solid (qeq) and the liquid (Ceq) phases. 
Consistently with previous observations, the increase in temperature 
progressively decreases the sorption performance, as shown by both the 
sorption capacity at saturation (asymptotic values) and the initial slope 
of the curves (correlated with the affinity of the sorbent for the solute): 
the sorption is exothermic. The figure also confirms that increasing the 
pH significantly improves cesium binding. The sorption isotherms have 
been fitted with Langmuir, Freundlich, Sips and Temkin equations: Ta-
bles 2 and 3 summarize the parameters of these models for pH 4 and pH 
8 data, respectively (calculations made on combined duplicated series; 
calculations on individualized series are reported in Tables S5 and S6). 
The isotherms are well fitted by Langmuir and Sips equations: statistical 
criteria are globally comparable and much better than with Temkin and 
Freundlich equations. The Langmuir equation supposes the sorption to 
occur as a monolayer without interactions between sorbed molecules; in 
addition, the distribution of sorption energies is homogeneous at the 
surface of the sorbent. The Sips equation is actually a combination of 
Langmuir and Freundlich equations; this equation counts on a three- 
adjustable parameters, which make the mathematical fit frequently 
better than the Langmuir equation (two-adjustable parameters), with a 
loss of physicochemical significance. Actually, here Langmuir is privi-
leged for its physicochemical dimension: in Fig. 3, the solid lines 
represent the Langmuir fits (with the parameters reported in Tables 2 
and 3) except for pH 8 and T: 20 ◦C where the Sips equation allows 
significantly improving the quality of the fit. 

For pH 4 experiments, the maximum experimental capacity de-
creases from 1.46 to 0.99 mmol Cs g− 1 (i.e., loss close to 33 %); 
consistently with the calculated maximum sorption capacity at satura-
tion of the monolayer (qm,L) that slightly overestimates experimental 
value, from 1.59 to 1.12 mmol Cs g− 1. The affinity coefficient (i.e., bL) 
globally decreases with temperature (from 2.95 to 1.78 L mmol-1). The 
impact of temperature is more marked at pH 8: the maximum sorption 

Fig. 2. Cs(I) uptake kinetics using ACES-F at pH 4 and pH 8 (C0: 0.765 ± 0.015 mmol Cs L− 1; SD: 0.67 g/L; T: 20 ± 1 ◦C; time: 48 h; v: 210 rpm; average (+/- 
standard deviation) duplicated series: #1 and #2; fitted curves for Series #1 and #2 using the PFORE; insert: initial section). 

Table 1 
Cs(I) uptake kinetics using ACES-F sorbent – Parameters of PFORE, PSORE, and 
RIDE models.  

pH pH 4 pH 8 

Model Parameter #1 #2 #1 #2 

Experim. qeq 0.634 0.604 1.03 1.05 
PFORE qeq,1 0.655 0.623 1.11 1.13  

k1 × 102 9.16 8.52 3.95 3.90  
R2 0.966 0.950 0.939 0.945  
AIC − 93 − 87 − 66 − 69 

PSORE qeq,2 0.738 0.711 1.36 1.38  
k2 × 102 16.3 15.3 2.97 2.89  
R2 0.916 0.898 0.899 0.906  
AIC − 82 − 79 − 61 − 63 

RIDE De × 1011 1.16 1.10 0.140 0.150  
R2 0.927 0.909 0.882 0.890  
AIC − 81 − 78 − 55 − 57 

Units: q, mmol/L; k1, min− 1; k2, g mmol− 1 min− 1; De, m2 min− 1. 
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capacity (i.e., qm,exp) decreases by 44 % from 2.33 to 1.30 mmol Cs g− 1 

while the affinity coefficient is divided by ≈5 (from 7.64 to 1.50 L mmol- 
1). The greater effect of temperature may be associated with a higher 
sensitivity of amine groups (which are responsible of the complementary 
binding occurring at this pH) to temperature for cesium binding. The 
percentage of increase in sorption capacity at pH 8 (compared with pH 
4) represents 36.2 ± 1.2 %, 27.7 ± 2.3 %, 30.6 ± 0.1 %, and 24.7 ± 0.9
% at T: 20, 30, 40, and 50 ◦C, respectively. At pH 4 and T: 20 ◦C, the
maximum sorption capacity reaches 1.46 mmol Cs g− 1, which is close to
sulfonate content in ACES-F (elemental analysis: 1.55 mmol S g− 1);
meaning that at saturation the stoichiometric ratio is close to 1:1 (i.e.,
0.942:1), corresponding to the theoretical charge ratio between Cs+ and
R-SO3

− ). With the increase of the temperature, the deactivation of some
of these reactive groups (endothermic sorption) decreases the stoichio-
metric ratio to lower values (≈0.64:1). At pH 8 and 20 ◦C, the sorption 

capacity reaches 2.33 mmol Cs g− 1; meaning a difference of 0.776 mmol 
Cs g− 1 (compared with pH 4). This additional sorption may be associated 
with amine groups (≈5.60 mmol N g− 1). The additional cesium binding 
is much lower than the amount of amine groups; this may be explained 
by steric hindrance and/or the co-existence of different N-based groups 
that have different affinity and reactivity with Cs(I) (depending on their 
chemical environment in the sorbent). 

The affinity coefficients of the Langmuir equation (i.e., bL) and the 
van’t Hoff equation were used for calculating thermodynamic parame-
ters, according Tran et al., [54]): 

ΔG
◦

= ΔH
◦

− TΔS
◦ (1a)  

lnb*
L =

− ΔH◦

R
×

1
T
+

ΔS◦

R
(1b) 

Fig. 3. Cs(I) sorption isotherms at pH 4 (a) and pH 8 (b) using ACES-F for increasing temperatures in the range 20–50 ◦C (C0: 0.06–3.9 mmol Cs L− 1; pH0: 4 → pHeq: 
3.8–4.2; pH0: 8 → pHeq: 5.9–6.4; v: 210 rpm; time: 48 h; average (+/- standard deviation) on duplicated series; fitted curves using the Langmuir equation, excepted at 
pH 4 and T: 20 ◦C with Sips equation). 
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b*
L = bL ×

C0
sorbate

γsorbate
(with bL in L mol− 1) (1c) 

ΔG◦ (kJ mol-1), Gibbs free energy change; ΔH◦ (kJ mol-1), enthalpy 
change; ΔS◦ (J mol-1 K− 1), entropy change; R (8.314 J mol− 1 K− 1), 
universal gas constant; T (K), absolute temperature; C◦

sorbate: ≈1 mol L-1, 
unitary standard concentration of the sorbate; γsorbate: ≈1 for dilute 
solutions, activity coefficient. 

Table 4 reports the values of the thermodynamic parameters for Cs(I) 
sorption at pH 4 and pH 8. The negative value of the enthalpy change 
confirms the exothermic nature of cesium sorption; metal binding be-
comes more exothermic as the pH increases. It is noteworthy that the 
entropy change shows remarkable differences between pH 4 and pH 8: 
positive in acidic solutions, it becomes negative in alkaline solutions. 
The entropy change is associated with the order/disorder of the system: 

herein, the order in the system increases with the pH due to higher 
binding efficiency (cesium chelation on amine groups, despite greater 
pH variation associated with proton release). The Gibbs free energy 
hardly changes with temperature and pH remaining close to − 20 ± 1 kJ 
mol− 1. The sorption is controlled by enthalpy rather than by entropy 
since |ΔG◦| is systematically higher than |T × ΔS◦|. The comparison of 
thermodynamic parameters for Cs(I) sorption with the values reported 
for alternative sorbents (Table S7) does not allow correlating specific-
ities (endo/exothermic nature of sorption, signs of changes in entropy 
and Gibbs free energy) to specific pH or binding mechanism. 

The Cs(I) sorption performances of ACES-F are compared with 
literature in Table S4. At pH 8, the maximum sorption capacity (qm, exp.: 
2.22 mmol Cs g− 1) is among the most efficient sorbents, similar to 
functionalized zeolite (nano 2-naphtyl amine 6:6-azulene sodium 
methanesulfonate disulfonic acid-impregnated zeolite, 1.96 mmol Cs 
g− 1, [55]) and metal hexacyanoferrate/PVA hydrogel (1.51 mmol Cs 
g− 1, [56]). Their relevant affinity coefficients (i.e., bL) are of the same 
order of magnitude (1.54–2.32 L mmol-1). It is noteworthy that the ki-
netic parameter (equilibrium time) is much more favorable for ACES-F 
and functionalized zeolite (i.e., 40–60 min), compared with metal hex-
acyanoferrate/PVA hydrogel (i.e., 1440 min). Considering acidic solu-
tions (pH 4–5), ACES-F is also highly efficient (qm,exp and bL parameters) 
for Cs(I) removal compared with alternative materials. Globally, ACES-F 
shows remarkable sorption properties both in terms of maximum sorp-
tion capacity, affinity coefficient and pH adaptability. 

3.2.4. Selectivity issues 
The other challenges in the design of sorbents that are targeted to 

remove metal ions in solutions as complex as brines and/or seawater 
concern the selective sorption properties, which may concern both 
competitor metal ions or counter anions in considerably higher 
concentrations. 

3.2.4.1. Effect of ionic strength – NaCl addition. The effect of NaCl 
addition on Cs(I) sorption is tested at different pHeq values (Fig. S11). As 
expected, the sorption capacity continuously increases with the pH, 
whatever the concentration of the salt. The introduction of increasing 
amounts of NaCl systematically reduces the sorption capacity. However, 
even with a huge excess of salt (i.e., 4 M vs 1.08 mmol Cs L− 1) the 
sorption remains highly efficient: at pHeq ≈4, the sorption capacity de-
creases from 0.60 to 0.28 mmol Cs g− 1 (from 1.09 to 0.49 mmol Cs g− 1 at 
pH 8.6). Recently, Bezhin et al. [6] compiled the maximum sorption 
capacities of a series of sorbents for Cs(I) recovery from seawater (i.e., 
with lower NaCl concentration, i.e., ≈0.24–0.27 mmol Na L− 1; but with 
presence of other competitor ions): the sorption capacities ranged be-
tween 0.014 and 0.13 mmol Cs g− 1. In the current test, the maximum 
sorption capacity is not determined (experimental series with a single 
fixed C0 value; 1.08 mmol Cs L− 1, which does not correspond to the 
saturation concentration in the isotherms). This means that ACES-F 
maintains remarkable sorption capacity even in the presence of huge 
excess of NaCl. In the case of ion-exchange mechanism, the ionic 
strength and presence of large excess of other ions may strongly affect 

Temperature (±1◦ C) 

Model Parameter 20 30 40 50 

Experimental qm,exp. 1.46 1.24 1.08 0.991 
Langmuir qeq,L 1.59 1.36 1.19 1.12 

bL 2.95 2.21 2.35 1.78 
R2 0.988 0.989 0.989 0.983 
AIC − 146 − 161 − 171 − 160 

Freundlich kF 1.03 0.818 0.720 0.621 
nF 3.58 3.24 3.30 2.97 
R2 0.931 0.929 0.908 0.899 
AIC − 102 − 111 − 111 − 113 

Sips qeq,S 1.63 1.35 1.13 1.00 
bS 2.55 2.30 3.04 3.10 
nS 1.10 0.972 0.839 0.670 
R2 0.987 0.989 0.992 0.991 
AIC − 144 − 159 − 174 − 165 

Temkin AT 96.7 48.2 38.6 22.5 
bT 9.91 10.8 12.1 12.3 
R2 0.963 0.968 0.967 0.657 
AIC − 120 − 134 − 140 − 137 

Units: q, mmol g-1; b, L mmol-1; n, dimensionless; kF, mmol1-1/nF L− 1/nF g− 1; AT, L 
mmol-1; bT, J kg mol− 2. 

Table 3 
Cs(I) sorption isotherms at pH 8 using ACES-F – Parameters of Langmuir, 
Freundlich, Sips and Temkin models (parameters determined from combined 
Series #1 and #2).   

Temperature (±1◦ C) 

Model Parameter 20 30 40 50 

Experimental qm,exp. 2.33 1.71 1.56 1.30 
Langmuir qeq,L 3.19 1.86 1.70 1.48 

bL 7.64 2.68 2.09 1.50 
R2 0.946 0.997 0.990 0.992 
AIC − 83 − 177 − 153 − 155 

Freundlich kF 1.66 1.16 0.989 0.781 
nF 3.81 3.16 2.94 2.72 
R2 0.964 0.926 0.934 0.950 
AIC − 96 − 91 − 100 − 117 

Sips qeq,S 3.12 1.81 1.64 1.52 
bS 1.35 3.23 2.46 1.38 
nS 1.99 0.902 0.911 1.06 
R2 0.981 0.998 0.991 0.992 
AIC − 111 − 183 − 152 − 154 

Temkin AT 261 44.8 35.3 29.3 
bT 7.51 7.51 8.41 10.2 
R2 0.986 0.980 0.974 0.978 
AIC − 122 − 128 − 127 − 141 

Units: q, mmol g-1; b, L mmol-1; n, dimensionless; kF, mmol1-1/nF L− 1/nF g− 1; AT, L 
mmol-1; bT, J kg mol− 2. 

Table 4 
Thermodynamic parameters for Cs(I) sorption using ACES-F – Application of 
van’t Hoff equation.   

pH 4 pH 8 

T (K) ΔH◦ ΔS◦ ΔG◦ ΔH◦ ΔS◦ ΔG◦

293 − 11.50 26.92  − 19.38 − 30.78 − 34.76  − 20.60 
303  − 19.65  − 20.25 
313  − 19.92  − 19.90 
323  − 20.19  − 19.56 
R2 0.822   0.931   

|ΔG◦|> |T × ΔS◦| |ΔG◦|> |T × ΔS◦| 

Units: ΔH◦ and ΔG◦, kJ mol-1; ΔS◦, J mol-1 K− 1. 

Table 2 
Cs(I) sorption isotherms at pH 4 using ACES-F – Parameters of Langmuir, 
Freundlich, Sips and Temkin models (parameters determined from combined 
Series #1 and #2).   
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SCCs/metal =
DCs

Dmetal
=

qeq,Cs × Ceq,metal

Ceq,Cs × qeq,metal
(2) 

Fig. 4 compares the SCCs/metal values for different values of pHeq. The 
highest selectivity of ACES-F for Cs(I) is reached at pHeq 6.31 (i.e., pH0: 
7.02). In addition, the SC values can be ranked according: 

Na(I) (97.1) ≫ Mg(II) (32.6) > Ca(II) (30.0) > Al(III) (25.8) ≫ Fe(III) 
(10.6) ≫ Sr(II) (5.1). 

ACES-F shows an outstanding preference for Cs(I) against Na(I); this 
is remarkably promising for the treatment of seawater. For divalent al-
kali cations (i.e., calcium and magnesium), the SC values are much lower 
but the sorbent keeps a large preference for Cs(I) (SC higher than 32). It 
is noteworthy that the selectivity against Sr(II) (also ranked among al-
kali metal ions) sharply drops to 5.1: meaning that the ionic charge is not 
the predominant parameter. Fig. S12 shows the SC values for Sr(II) 
against other competitor metals; the figure shows that ACES-F has also a 
marked preference for Sr(II) than for other competitor metals (except 
cesium). In the case of trivalent cations, the selectivity coefficient 
differentially decreases: relatively close to divalent alkali metal cations 
for Al(III) (around 26) while it sharply decreases for Fe(III) (down to 11). 

Other parameters such as ionic radius, configuration could influence this 
selectivity. For example, Cs(I) is distinguished by a 12-coordinated 
configuration (with large ionic radius, r: 1.70 Å) [57]. Other metal 
ions are characterized by: (a) octahedron structure, such as Na(I) (r: 
1.02 Å), Mg(II) (r: 0.72 Å), Al(III) (r: 0.53 Å), or Fe(III) (r: 0.65 Å), or (b) 
square-antiprism configuration, such as Ca(II) (r: 1.00 Å), and Sr(II) (r: 
1.25 Å). It is not possible directly and simply correlating the differences 
in selectivity coefficients among each metal classes (mono-, di-, and 
trivalent) with the configuration nor the Rp value. Fig. S13 shows the 
distribution maps of the SC values and the distribution ratios of indi-
vidual metals with two indices: (i) the ionic index (i.e., z2 / r), and (ii) 
the covalent index (i.e., Xm

2 × r), where z is the ionic charge, and Xm is 
the Pauling electronegativity. In this figure, the metals are grouped by 
similar ionic charge. In each ionic charge group, the distribution ratio D 
is favored by high ionic radii, while the SC values follow a reciprocal 
trend. It is noteworthy that the amplitudes decrease according mono- ≫ 
di- > trivalent groups and that the Ionic Index allows better “segre-
gating” the groups (avoiding superposition, as it may occur with the 
covalent index). At pH 7, sulfonate groups are directly and totally 
involved in metal sorption, while a fraction of amine groups may also 
contribute. All these metal ions are classified as Hard acids according 
Pearson’ rules [58], meaning that they have high affinity for Hard bases 
bearing O- and N- donor atoms (such as sulfonate > amine functional 
groups). 

3.2.5. Cesium desorption and sorbent recycling 
Cesium is successfully desorbed using acidic solution (i.e., 0.3 M 

HNO3 solution). The acidic solution (pH ≈ 0.5) reverses the sorption by 
protonation of amine groups (for sorbent loaded at pH 8) and/or 
competition effect of nitrate ions (ion-exchange of Cs(I) from sulfonate 
groups at pH 4 and 8). This is consistent with the negligible sorption 
observed at pH 1 (Fig. 1). Milyutin et al. [59] also used nitric acid so-
lutions (0.5–1 M) for complete desorption of Cs(I) from resorcinol- 
formaldehyde sorbents. Nitric acid solutions were much less efficient 
for the elution of Cs(I) bound onto metal hexacyanoferrate deposited on 
MOF (i.e., only around 25 %, [50]). Potassium chloride (2 M) was also 
reported for the desorption (yield close to 92 %) of Cs(I) from Cu-HCF/ 
anthranilic acid-aminophenol copolymer [60]. In the case of Punica 
granatum peel (pomegranate-based sorbent) alkaline solutions (0.5 M 
NaOH) revealed slightly more efficient than 0.1 M and 0.5 M HNO3 

Fig. 4. Influence of pH on the separation of Cs(I) from other metal ions in multicomponent solutions using ACES-F (C0: 0.934 mmol Na L− 1; 0.542 mmol Ca L− 1; 1.01 
mmol Mg L-1; 0.834 mmol Fe L− 1; 0.857 mmol Al L− 1; 0.949 mmol Sr L− 1; 1.077 mmol Cs L− 1; SD: 1.6 g L-1; T: 20 ± 1 ◦C; v: 210 rpm; time: 24 h; SCCs/Cs = 1, 
as reference). 

the binding of metal ions due to competitor and shielding effects. These 
results confirm that cesium binding onto ACES-F proceeds through 
complementary mechanisms such as chelation. Fig. S11 also shows that 
the typical two-waves shape of the curve observed without NaCl (with 
local optima at pH 4 and 8) is progressively smoothed when NaCl con-
centration increases. This is typically illustrated by the largest decreases 
observed in sorption capacities in the regions pH 2–3 and pH 7–8: these 
regions correspond to local optimum pH values reported in section 
3.2.1., associated with different modes of interaction (and protonation 
of reactive groups). 

3.2.4.2. Effect of competitor cations. The selectivity of ACES-F sorbent 
against other metal ions was investigated through the study of Cs(I) 
recovery from multicomponent solutions (containing Na(I), Ca(II), Mg 
(II), Fe(III), Al(III), Sr(II)). These metal ions have been selected as 
representative of common mono-, di- and tri-valent elements, with 
similar initial concentrations (0.54 mmol Ca L−  1 and 0.83–1.08 mmol L- 

1 for other metal ions); the initial pH0 was varied between 3.3 and 8.02 
(pHeq: 3.18–6.98). The selectivity coefficient (SCCs/metal, dimensionless) 
for Cs against other metal ions was defined as: 
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Bezhin et al. [6] report the high sorption capacities of sorbents incor-
porating Prussian Blue analogues despite much higher sorbent dose (10 
g L-1); this can be explained by the exceptional selectivity of Prussian 
Blue for cesium [11]. 

Table S9 compares for selected elements the sorption efficiencies (%) 
and the distribution coefficients (L g-1). Logically for major elements in 
large excess) the sorption efficiencies are below 6 % and their distri-
bution coefficients remain below 0.34 L g-1. On the opposite hand, for 
trace elements (including cesium) and competitor elements (i.e., Sr and 
B) the sorption efficiencies vary between 20 % and 55 %, with D values
ranging between 1.24 and 6.12 L g-1).

Sorption performances for seawater samples are influenced by the 
concentration of the elements; cesium (as strontium) is significantly 
enriched in the sorbent (D around 3 L g-1 for both Cs(I) and Sr(II); under 
selected experimental conditions, 36–39 % of the metal is recovered. 

3.4. Antimicrobial activity and cytotoxic effect 

The use of a sorbent for removing a metal is targeted to recover 
valuable resource and/or solving an environmental problem. In this 
context, it may be interesting evaluating its environmental impact when 
used in water bodies and living organisms (including humans). This may 
be also used for developing new active compounds. Several criteria may 
be used for quantifying these effects; herein, two criteria have been 
analyzed: (a) the antimicrobial activity of ACES-F onto the growth of 
two Gram-positive, two Gram-negative bacteria and one unicellular 
fungus, and (b) the toxicity of the sorbent for human cell lines (2 normal 
ones, and one carcinogenic). Section E in Supplementary Information 
provides a detailed information on the experimental procedures that 
were applied for this study, and an extensive discussion of experimental 
results. Herein, the main conclusions are summarized. 

In Fig. 5, the antimicrobial effect of ACES-F is measured through the 
determination of the inhibition zone (well method) for different doses of 
the sorbent. The material is characterized by a wide spectrum of action. 
Indeed, all the microorganisms are inhibited by the presence of ACES-F. 
Obviously, for a dose of 100 µg L-1 or above, the effect is little more 
marked for Gram-negative microorganisms (E. coli and P. aeruginosa) 
than for Gram-positive bacteria (B. subtilis, S. aureus) and unicellular 
fungus (C. albicans). While the amount of polymer decreases to 50 µg L-1, 
a weaker inhibition is maintained for S.aureus, P. aeruginosa and E. coli. 
At the dose of 25 µg L-1, ACES-F shows a limited inhibition only for 
P. aeruginosa. Several hypotheses may be proposed for explaining these
differential antimicrobial activities; characterized by MIC values (min-
imum inhibitory concentration) close to 25 µg L-1 for P. aeruginosa, 50 µg
L-1 for E. coli and S. aureus, and up to 100 µg L-1 for B. subtilis and
C. albicans. The inhibitory effect of ACES-F could be attributed to:

(a) the composition of the cell walls (Gram-positive bacteria hold a
peptidoglycan external layer that limits the diffusion of active
compounds, while anionic liposaccharide compounds in Gram- 
negative bacteria facilitate the accumulation of the active
compounds),

Table 5 
Sorbent recycling – Sorption efficiency (SE, %) and desorption efficiency (DE, %) for five successive cycles using ACES-F (loaded at pH 4 and pH 8).  

pH 4 8 

Cycle SE (%) DE (%) SE (%) DE (%)  

Aver. St. dev. Aver. St. dev. Aver. St. dev. Aver. St. dev. 

#1  54.1  0.4  99.9  0.2  98.8  0.1  100.0  0.0 
#2  53.5  0.0  99.9  0.2  98.0  0.1  100.0  0.1 
#3  52.9  0.2  100.0  0.1  97.8  0.0  100.0  0.0 
#4  52.6  0.0  100.0  0.0  97.0  0.1  100.1  0.0 
#5  52.4  0.0  100.1  0.1  96.7  0.1  99.9  0.2 
Loss (5th/1st)  1.3 %     2.1 %     

solutions [61]. Thirty minutes of contact are sufficient for achieving the 
complete release of Cs(I) (under selected experimental conditions) 
(Fig. S14). The profiles are superposed for sorbent loaded at both pH 4 
and pH 8 within the first 10 min of contact; above, cesium desorption is 
slightly more efficient and faster at pH 8 (total desorption occurs at time: 
25 min). This is the reciprocal trend to that observed for uptake kinetics, 
where the sorption at pH 8 was slightly lower than at pH 4. 

A rinsing step (using demineralized water) was systematically 
applied (between each sorption and desorption steps) for the study of 
sorbent recycling. Table 5 compares the sorption and desorption effi-
ciencies for five successive cycles. The desorption efficiency was sys-
tematically complete (>99.8 %). The sorption efficiencies slightly 
decrease with recycling; however, the loss in sorption performance re-
mains very limited (about 1.3 % and 2.1 % at pH 4 and 8, respectively). 
Amin et al. [50] reported a 9 % loss in sorption efficiency for Metal- 
HCNF/MOF sorbent. For Prussian blue loaded onto N-doped porous 
carbon, Li et al. [62] reported that the loss in cesium sorption may reach 
up to 13 % at the fifth cycle. The loss in Cs(I) sorption reached 8.5 % at 
the fifth cycle in the case of phosphomolybdic acid/PCN-224 composite 
[63]. The sorption and desorption performances are outstandingly sta-
ble while using ACES-F sorbent under selected experimental conditions; 
confirming the interest of this new sorbent for Cs(I) recovery. 

3.3. Application to real effluent 

Two seawater samples were collected from the coasts of Ra’s Gharib 
(Red Sea, Egypt) and Da Nang (Vietnam) (Fig. S15). Table S8 reports the 
concentration of selected elements in these two samples. The molar ratio 
(referred to cesium) is also calculated to show the huge excess of 
competitor elements: the concentrations of major elements (Na, K, Mg, 
and Ca) are 5.4-to 555-folds the concentration of cesium, for competitor 
elements (Sr and B) the excess ranges between 25 and 344 times. Apart 
cesium, two trace elements are also considered (U and As, with molar 
ratio in the range 0.018–0.46). The sorption tests were performed at the 
natural pH (i.e., 7.46–7.51). Figs. S16 and S17 shows the uptake kinetics 
for selected metals using ACES-F in the treatment of seawater samples 
(at their natural pH values). The sorption is significantly longer than 
expected from uptake profiles reported for synthetic solutions. Herein, 
the equilibrium is reached after 24 h of contact (probably more for ce-
sium, strontium, and arsenic). Logically, the huge excess of major ele-
ments causes their much higher sorption (2–20 mmol g−  1, compared 
with Cs and Sr, where the maximum sorption capacities do not exceed 
0.12 mmol Sr g−  1 and 2.2–4 µmol Cs g−  1. At equilibrium, the sorption 
capacities for Cs(I) reach 0.53 mg Cs g−  1 (i.e., 3.99 µmol Cs g−  1) and 
0.285 mg Cs g−  1 (i.e., 2.14 µmol Cs g−  1) for Da Nang (Vietnam) and Ra’s 
Gharib (Egypt) samples, respectively. These values are below the levels 
reported for maximum sorption capacities (in the range 0.014 and 0.13 
mmol Cs g−  1) by Bezhin et al. [6]. The comparison is made difficult by 
different experimental conditions (including sorbent dose: herein 0.2 g 
L-1 vs 0.05 g L-1 for cited work). In addition, the sorption capacity is 
reported for discrete value and not as maximum sorption capacity (at 
saturation of the sorbent). Extensive studies (varying sorbent dose) 
would help for the comparison of sorption performances. However,
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(b) the penetration of reactive oxygen species and toxic free radicals
(provoking cell death),

(c) the action of the reactive groups of ACES (the precursor)
(destruction of sterol-based compounds, due to interferences with
the synthesis pathway of ergosterol; in the case of yeast).

The cytotoxicity of ACES-F was tested (with different concentrations) 
against three cell lines: HFB4 and Vero cells (normal cell lines) and caco- 
2 cells (carcinogenic cell line). The MTT method is a sensitive colori-
metric method involving 3-[4,5-dimethylthiazole-2-yl]-2,5-diphenylte-
trazolium bromide, which is used for quantifying the numeration of 
living cells. Fig. S18 shows morphological changes such as shrinking, 
roundness, and granulation effect increasing with concentration (phase- 
contract microscopy). In addition, some damages to the epithelial layer 
may be observed. Complementary MTT assays helped quantifying the 
cell viability in function ACES-F concentration (Fig. 6). The IC50 

parameter (concentration for 50 % cell mortality) for normal cell lines is 
12- to 15-fold the value obtained for carcinogenic cell line: 284.4 ± 11.8
µg mL− 1 and 361.1 ± 11.5 µg mL− 1 for Vero and HFB4, respectively,
against 24.3 ± 12.8 µg mL− 1 for Caco-2. These data confirm that at low
ACES-F concentration, the material shows an anti-proliferative impact
on cancer cell line (contrary to normal cells). Therefore, these pre-
liminary results open a therapeutic window for applying ACES-F as a
chemotherapeutic agent. On the other hand, the material requires much
higher concentration for significantly affecting the viability of normal
cell lines (i.e., Vero and HFB4). This also means that ACES-F can be used
in water treatment even at concentration as high as 1000 µg mL− 1 

without causing harmful effects to normal human cells.
Based on biological tests, it can be concluded that, besides the 

promising reactivity of synthesized polymer for cesium removal, ACES-F 
can be used for treatment the contaminant water containing different 
pathogens. This polymer can be applied with high concentrations 

Fig. 5. Antimicrobial effect of sorbent against pathogenic Gram-positive (B. subtilis and S. aureus), Gram-negative bacteria (E. coli and P. aeruginosa), and unicellular 
fungi (C. albicans). The results shows the averaged value of the zone of inhibition (mm) for three replicates (with ± SD). For a given microorganism, different letters 
on the bars identify statistically representative differences in the ZOI (with p ≤ 0.05), while increasing the concentration. 

Fig. 6. Cell viability of normal cell lines (Vero and HFB4) and cancer cell lines (Caco-2) in contact with the sorbent at different concentrations and assessed using the 
MTT assay method (data are represented as averaged value and standard deviation for 3 replicates; for a given concentration, different letters indicates statistically 
different responses in the viability of target cell). 
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4. Conclusion

The thorough study of Cs(I) sorption properties shows that the simple
one-pot synthesis of ACES-F (obtained by reaction of formaldehyde with 
N-(2-acetamido)-2-aminoethanesulfonic acid) offers promising per-
spectives for the recovery of cesium from complex effluents (including 
seawater, as a premise for future work on the treatment of samples 
contaminated with radioelements). This is confirmed by the relatively 
weak effect of ionic strength (varied by increasing additions of NaCl) 
and competitor ions. Amine and sulfonic groups contribute to the high 
sorption and selectivity. The simple procedure produces a stable sorbent 
in terms of recycling properties (negligible loss in sorption and desorp-
tion after five cycles), with one of the highest sorption capacity 
compared with literature data (i.e., maximum sorption capacity close to 
2 mmol Cs g− 1). Fast kinetics for both sorption and desorption can be 
correlated with the mesoporous structure of sorbent microparticles. 

In order to evaluate the harmlessness in the use of the sorbent, MTT 
tests were successfully carried out for checking the cytotoxity of the 
sorbent (and critical concentration) on the viability of normal cells. 
Surprisingly, ACES-F has very limited cytotoxicity for these normal cells 
while it reveals highly effective for inhibiting the development of 
cancerous cells. On the other hand, the sorbent develops antimicrobial 
properties against Gram+, Gram- and pathogenic yeast. 
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