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ABSTRACT: Chitosan nanoparticles (Ch NPs) with individual particles 10–30 nm in size and average aggregate sizes of 240 nm were pre-

pared via ionic gelation. Ordered mesoporous Mobil Composition of Matter No. 41 (MCM-41) with a surface area of 1590 m2/g was pre-

pared via a sol–gel method. The nanocomposites were prepared via the in situ dispersion of MCM-41 in chitosan followed by ionic

gelation with a multivalent anion to produce MCM-41-impregnated Ch NPs or via the mixture of dispersed MCM-41 with preprepared

Ch NPs to produce Ch NPs supported on MCM-41. The beryllium-uptake efficiency was studied with different pH values, contact times,

and initial Be(II) concentrations. The maximum achieved uptake efficiencies of the nanocomposites (95% and 96%) were superior to

that of MCM-41 (38%) and higher than that of Ch NPs (90%). The nanocomposite formulas facilitated post-treatment separation while

maintaining a high beryllium-uptake efficiency. The Be(II)-uptake process for all of the materials followed the pseudo-second-order

kinetic model and both the Langmuir and Freundlich isotherms. VC 2017 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2018, 135, 46040.
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INTRODUCTION

There has been growing interest in beryllium because of its unique

combination of mechanical, thermal, and nuclear properties,

including a low neutron absorption, neutron-multiplying proper-

ties, high scattering cross sections, and plasma-facing properties.1

It is lighter than aluminum and six times stronger than steel. Often

alloyed with other metals such as copper, beryllium is a key com-

ponent of materials used in the aerospace and electronics indus-

tries. Beryllium has a small neutron cross section; this makes it

useful in the production of nuclear weapons and in sealed neutron

sources. Beryllium, has a very low density of 1.85 g/cm3, but it has

a surprisingly high melting point of 1285 6 5 8C.2

On the basis of these features, beryllium is used in nuclear reac-

tors as an effective neutron reflector and moderator.3 However,

beryllium separation from its solutions is a rather difficult pro-

cess; only few materials are able to take up Be because of its rel-

atively small size.

Unfortunately, beryllium is one of the most toxic elements in

the periodic table. It is responsible for the often-fatal lung dis-

ease, chronic beryllium disease or berylliosis, and is listed as a

Class A Environmental Protection Agency carcinogen.4,5 Kolanz

and coworkers6–8 have published several articles about beryllium

uses, regulatory history, and implications for evaluating the risk

of chronic beryllium diseases.

With the highly toxic and carcinogenic effects of beryllium and

its compounds,9,10 studies on their removal from aqueous solu-

tions are few compared to the huge number of articles about

other metals.3

Chitosan is a natural polymer with huge potential in numerous

fields, including biomedical, biological, and many industrial

applications. It is widely used in the treatment of contaminated

wastewater because of the fact that it can absorb and chelate

many metal cations because of its large number of amino

groups.11,12 Accordingly, chitosan has been described as an

excellent metal adsorbent by many investigators.11,13–15 It is an

effective and readily available inexpensive material and can be

used instead of commercial synthetic resins for the removal or

recovery of metal ions from their solutions.

Nevertheless, chitosan suffers from some limitations16 as low

chemical and heat resistance in addition to its instability in

acidic media and high swelling ratios, which limit its use in sep-

aration columns because of hydrodynamic limitations and col-

umn fouling.

On the other hand, chitosan nanoparticles (Ch NPs) are more

stable and more resistant to the surrounding environment.17,18

In addition, the higher surface area of nanoparticles is a key fac-

tor in increasing the availability of adsorption sites and, thus,

increasing the uptake efficiency. Generally, nanoparticles have
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been receiving great interest from scholars and experts in vari-

ous research areas because of their unique physicochemical

properties, such as their large specific surface area, uniform dis-

tribution, regular shape, and high adsorption capacity.19 There

are various usual ways to prepare Ch NPs, including emulsion

crosslinking,20 ionic crosslinking,21 spray drying,22 and self-

assembly by hydrophobic modification.23 A simpler technique

that can be used is chitosan salt formation, where some anions

are able to cause chitosan crosslinking via ionic interactions;

examples of such crosslinkers include tripolyphosphate, sodium

citrate, amino acids, and sodium sulfate.24

To improve the material properties for use in metal-ion uptake,

chitosan and/or its nanoparticles have been blended with ceramic

alumina,25 alginate,26 poly(vinyl alcohol),27 cyclodextrins,28 mag-

netic nanoparticles,29 and silica.30–36 Chitosan combined with sil-

ica has been successfully used as a supporting material for

separation applications because of the large surface area, the high

porosity, and the excellent mechanical resistance of the resulting

materials.36 By these modifications, the advantages of multiple

materials are combined into one superior material leading to

great enhancement of the stability, which increases the versatility

of the adsorbent for industrial applications.

Ordered mesoporous structures are high-performance materials.

Their regular pore system and huge surface area make them

suitable for the separation of some species as metal ions from

their solutions. Mesoporous molecular sieves with hexagonal

structures, Mobil Composition of Matter No. 41 (MCM-41),

combine a myriad of attractive properties, including highly

ordered pore systems with tunable pore diameters (in the range

2–50 nm), large pore volumes, high hydrocarbon sorption

capacities, high Brunauer–Emmett–Teller (BET) surface areas,

high thermal stability, and high density of surface silanols.37

This structure can be used effectively in supporting materials;

that is, it acts as a host for some active materials (guest species)

as, for example, catalysts, drugs, or nanoparticles. Several path-

ways have been reported for the introduction of guest species.

These include in situ inclusion during synthesis, adsorption

from the gas or liquid phase, ion exchange, and assembly in the

pore system. These pathways make them highly suitable for the

construction of advanced materials.38

In this study, ordered mesoporous MCM-41, Ch NPs, and their

nanocomposites were prepared, and their Be(II)-ion-uptake

capacities from aqueous solutions were investigated.

EXPERIMENTAL

Materials

Analytical-grade cetyl trimethyl ammonium bromide and tet-

raethyl orthosilicate were purchased from Merck (Germany).

Chitosan was purchased from Acros (Belgium). Sodium triphos-

phate pentabasic (TPP) was purchased from Sigma-Aldrich.

Beryllium sulfate was purchased from Fluka. Aqueous ammonia

solution (25% w/w), hydrochloric acid, acetic acid, and absolute

EtOH were analytical grade and were used without further puri-

fication. Chrome azurol S (CAS) and hexamine buffer (pH 5.0),

purchased from Merck (Germany), were used as reagents for

the spectroscopic determination of the Be(II) concentration.

Synthesis of MCM-41

Cetyl trimethyl ammonium bromide (8 g) was dissolved in 60 mL

of deionized water, and the solution was mixed with a mixture of

100 mL of EtOH and 300 mL of diluted ammonia. Then, 16.76 g

of tetraethyl orthosilicate was added dropwise with strong stirring

for about 0.5 h. The pH was adjusted with diluted acetic acid to

10, and stirring was continued for 2 h. Finally, the resulting white

precipitate was filtered, washed with water and EtOH until neu-

tralization, then calcined in air at a heating rate of 2 8C/min up to

550 8C, and held at this temperature for more than 6 h.39

Synthesis of the Ch NPs

The Ch NPs were prepared by the ionic gelation method with the

multivalent anion sodium triphosphate (TPP). Chitosan solution

was prepared by the dissolution of chitosan in 2% acetic acid

solution at a concentration of 0.5%. The same concentration of

TPP was dissolved in deionized water and added dropwise to a

chitosan solution in a volume ratio of 5:3 of chitosan to TPP. The

nanoparticles formed spontaneously under mild magnetic stirring

at room temperature for 1 h, and the nanoparticles were collected

by centrifugation. The supernatant was discarded, and the nano-

particles were resuspended in water and then acetone for further

purification. Then, they were filtered and dried in vacuo.40,41

Synthesis of the Ch NP–MCM-41 Nanocomposites

Nanocomposites of Ch NPs and MCM-41 were prepared with

two approaches to produce nanocomposites with different parti-

cle distributions. In the first method, MCM-41 was dispersed in

water with an ultrasonic homogenizer, then added to a chitosan

solution, homogenized again by ultrasonication for 1 h, and then

added to TPP, as mentioned in the discussion of the preparation

of Ch NPs. In the second method, suspended MCM-41 was added

to preprepared Ch NPs, homogenized by ultrasonication for 1 h,

separated by centrifugation, and purified as previously described.

Material Characterization

Small-angle X-ray diffraction patterns were recorded on an

X’Pert Pro PANalytical diffractometer (The Netherlands) with

Cu Ka radiation. Diffraction data was recorded between 2us of

18 and 108 with a step size of 0.028 and a scan step time of 4 s.

The adsorption isotherms of nitrogen were obtained at 77.35 K

with a Quantachrome NOVA automated gas-sorption system.

The sample was degassed at 423 K and 1 mPa for 4 h before mea-

surement. The specific surface area was calculated with the BET

equation. The pore size distribution was estimated from the

adsorption isotherms with the Barrett–Joyner–Halenda method.

Transmission electron microscopy (TEM) imaging and energy-

dispersive X-ray (EDX) analysis were performed with a JEOL

JEM Japan 2100 operating at 200 kV, the sample was prepared

by sonication in ethyl alcohol and deposition onto a copper-

coated carbon grid. Then, the solvent was left to evaporate.

The average particles size and f potential values of the Ch NPs

were measured by dynamic light scattering (DLS) particle sizing/

f-potential instrument technique [f-sizer nanoseries HT (Nano-

ZS; United Kingdom)]. The samples were dispersed in water by

sonication for 15 min and then measured in quartz cuvettes.
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Figure 1. TEM images of MCM-41 at different magnifications.

Figure 2. (a) Aggregate size distribution and (b) f-potential distributions of MCM-41. [Color figure can be viewed at wileyonlinelibrary.com]
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Thermogravimetric analysis (TGA) was performed with a simul-

taneous DSC–TGA SDTQ 600 instrument (where DSC is differ-

ential scanning calorimetry) under an N2 atmosphere at a heating

rate of 10 8C/min from room temperature up to 1000 8C.

Batch Experiments

Batch-mode sorption experiments were performed in sealed

glass flasks at room temperature. In glass flasks, 10 mL of each

desired concentration of Be(II) aqueous solution were added to

0.05 g of the prepared materials (representing a 5 g/L adsorbent

dose). The glass flasks were shaken for the desired time and fil-

tered, and then, the metal-ion concentrations were measured.

The pH values were adjusted with a sodium acetate/acetic acid

buffer solution to the desired pH. A synthetic solution of

BeSO4�4H2O was used. The effects of the pH, contact time, and

initial metal-ion concentration were investigated. The uptake

efficiency was calculated with the following equation:

Uptake efficiency ð%Þ 5 ½ðCo2CaÞ 3 100�=Co (1)

The uptake capacity of the prepared materials was calculated

with the following equation:

Uptake capacity ðmg=gÞ 5 ðCo2CaÞV=wt (2)

where Co is the initial concentration, Ca is the concentration

remaining after treatment, V is the volume of the pollutant to

be treated (L), and wt is the weight of the adsorbent (g).

Spectroscopic Method for the Determination of the Be-Ion

Concentration

CAS formed a colored chelate complex with Be(II), and this

could be used for its determination. In acetate (or hexamine)

buffer and in the presence of ethylenediaminetetraacetic acid

(EDTA), CAS was highly selective for beryllium complexation.42

The absorbance of the formed complex depended on the pH

and the concentrations of CAS, EDTA, and acetate buffer. The

absorption maximum of the complex (vs. the reagent solution

as a reference) was at about 570 nm. The procedure for Be(II)

determination was as follow: to a slightly acidic solution (10–

15 mL) containing no more than 12 lg of Be, 10 mg of ascorbic

acid and 1 mL of 5% EDTA solution were added. After 5 min,

2.5 mL of a 0.1% CAS solution was added, and 0.1 M NaOH

solution was used to adjust the pH to about 5. Then, 5 mL of

the buffer was added, and water was added to increase the vol-

ume to 25 mL in a standard measuring flask. The solution was

mixed well, and after 10 min, the absorbance at 570 nm was

measured versus a blank solution as a reference. Measurement

was done on a UV–visible spectrometer (Jasco V-630, Japan). A

calibration curve was thus constructed to illustrate the increase

in the absorbance intensity of the formed complex versus the

increase in the Be(II) concentration.

RESULTS AND DISCUSSION

Structural and Morphological Characterization of the

Ordered Mesoporous Silica Nanomaterial (MCM-41)

Figure 1 shows the microscopic images of MCM-41 at different

magnifications. The overall shape of the prepared material par-

ticles was spherical, with an average aggregate size of 231.4 nm

and a f-potential value of 218.9 mV as measured by DLS (Fig-

ure 2). Further magnification emphasized the mesoporous sur-

face structure with tiny pores. The mesoporous structure was

achieved by templates of surfactant micelles, which were then

removed from the nanochannels of the as-prepared materials by

thermal treatment.43 This method of template material prepara-

tion produced attractive properties, which included a highly

ordered pore systems with tunable pore diameters, high surface

areas, and high-density surface functionalities; this resulted in

high sorption capacities.37

X-ray diffraction is one of the most important techniques for

characterizing crystalline or ordered materials. Ordered meso-

structures can be investigated by low-angle X-ray diffraction

Figure 3. Small-angle X-ray diffraction pattern of MCM-41.

Figure 4. (a) BET adsorption–desorption isotherm and (b) pore size distribution of MCM-41.
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measurements. In this study, the small-angle X-ray diffraction

pattern (Figure 3) had a characteristic intense peak at 2u � 2.65

(100); this directly indicated the presence of the MCM-41 struc-

ture with a hexagonal mesostructure material and a high degree

of long-range ordering of the structure. In ordered porous

materials, the X-ray diffraction peaks do not result from local

order in the atomic arrangement but from ordered channel

walls.44

The nitrogen adsorption–desorption isotherm of MCM-41 is given

in Figure 4(a). Sample behavior during nitrogen physisorption fur-

ther confirmed the mesoporous structure and showed a type IV iso-

therm according to IUPAC classification.45 A linear increase in the

nitrogen adsorption occurred at low relative pressures (0.05–0.25)

because of monolayer adsorption before the steep nitrogen uptake

inside the mesopores. From this linear region, the specific surface

area was determined with the BET equation. Then, a steep gas

Figure 5. TEM images of the Ch NPs.

Figure 6. DLS analysis of the Ch NPs: (a) aggregate size distribution and (b) f-potential distribution. [Color figure can be viewed at wileyonlinelibrary.com]
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uptake, due to the capillary condensation of nitrogen inside the mes-

opores, was observed. This phenomenon was in parallel with the

results obtained from small-angle X-ray diffraction. The desorption

isotherm almost coincided with the adsorption process. In other

words, the adsorption and desorption processes were reversible in

this region, and this specified that the majority of open pores con-

nected directly to the surface and were accessible for the nitrogen

molecules. Then, a long plateau was achieved at higher pressures

because of the low adsorption of nitrogen on the external surface.

This implied that the primary and secondary mesopores filled a nar-

row relative pressure range. In summary, three well distinguished

regions of the adsorption isotherm were evident: (1) monolayer–

multilayer adsorption, (2) capillary condensation, and (3) multilayer

adsorption on the outer particle surfaces. On the basis of BET analy-

sis, there was a specific surface area of 1590 m2/g. In addition,

MCM-41 showed a wide pore size distribution pattern with two

peaks: one with a peak maximum of about 18 nm and a second with

a maximum of 26 nm [Figure 4(b)].

Ch NPs

According to the principle of ionic crosslinking, nanoparticles

can be formed by intramolecular and intermolecular

crosslinking between positively charged chitosan and negatively

charged TPP. The crosslinking produced nanoparticles with

diameters in the range 10–30 nm, as shown in the TEM image

(Figure 5). DLS analysis of the Ch NPs [Figure 6(a)] showed an

average aggregate size of 240 nm with a relative narrow distribu-

tion. The f-potential distribution of the prepared nanoparticles

was 18.2 mV. Figure 6(b) shows the narrow distribution of the

surface charges of the prepared nanoparticles.

Ch NP–MCM-41 Nanocomposites

Nanocomposites of chitosan with MCM-41 were prepared with

two methods, depending on the sequence of ingredients addi-

tion. We found that the order of Ch NP addition to MCM-41

led to dramatic changes in the morphological structure of the

produced materials.

The in situ dispersion of MCM-41 into chitosan solution led to

the formation of a composite between chitosan and silica.

When TPP was added to the produced composite, ionic gelation

crosslinking of chitosan by the multivalent anion took place;

this resulted in spherical Ch NPs impregnated with MCM-41

particles, as shown in Figure 7(a). This structure is referred to

as Ch NP impregnated MCM-41. This impregnation was further

Figure 7. TEM images of the (a) Ch NP impregnated MCM-41 nanocomposites and (b) Ch NP—MCM-41.

Figure 8. EDX analysis of the Ch NP–MCM-41 nanocomposites. [Color figure can be viewed at wileyonlinelibrary.com]
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confirmed by EDX analysis (Figure 8), where the major ele-

ments were nitrogen (from the amino groups of chitosan) and

silicon (from the MCM-41) in addition to oxygen. The average

aggregate size of the produced impregnated spherical nanocom-

posite (280 nm) was higher than that of the Ch NPs (240 nm),

as shown from DLS analysis [Figure 9(a)]. This enlargement in

the average size confirmed the impregnation of MCM-41 inside

the Ch NPs and the formation of a chitosan layer surrounding

the silica particles.

In the second approach, we found that when dispersed MCM-

41 was added to freshly preprepared Ch NPs, the framework of

MCM-41 acted as a supporting matrix for the Ch NPs, as

shown in Figure 7(b), where one can see individual well-

dispersed nanoparticles of chitosan supported on the MCM-41

framework. This structure is referred to as Ch NP—MCM-41.

MCM-41 had hydroxyl surface groups with a f potential value

of 218.9 mV, whereas the Ch NPs still had some of their posi-

tive surface charges after the neutralization of some of the pro-

tonated amino groups by ionic interactions with the negatively

charged multivalent anions of TPP during nanoparticle prepara-

tion (f potential 5 18.2 mV).

The interactions between the nanocomposites components were

further confirmed by the decrease in the f-potential values of

the nanocomposites as compared with those of the individual

Ch NPs and MCM-41 (Figure 9). The preparation method of

the nanocomposites was found to slightly affect the net surface

charge. The decrease in the f potential of Ch NP—MCM-41

was due to the interactions between the positively charged Ch

NPs and the negatively charged MCM-41. Ch NP impregnated

MCM-41 had a slightly lower f-potential value because of the

expected greater interactions between the chitosan solution and

MCM-41 before ionic gelation in nanocomposite preparation.

The thermal degradation behavior of the Ch NPs and their nano-

composites are presented in Figure 10. From TGA, we found that

the Ch NPs decomposed as the temperature increased in three

stages. The presence of MCM-41 in the nanocomposites did not

affect the thermal degradation behavior but significantly

increased the thermal stability of the produced nanocomposites.

The first stage occurred between 50 and 110 8C and corresponded

to a weight loss of about 14%; this was associated with the

removal of absorbed water. The second stage between 200 and

320 8C resulted in a sharp weight loss of 31%; this corresponded

to Ch NP degradation. Further slow degradation occurred in the

final stage with a remaining weight of 27% up to 1000 8C.

The remaining weights of the nanocomposites (containing the

remaining fractions of Ch NPs incorporated with MCM-41, which

was not degraded in the tested range of temperatures) were higher

in percentage compared to those of the Ch NPs. Accordingly, when

the remaining amount was normalized with respect to the Ch NPs,

the calculated MCM-41 ratios were 17% and 18% for the Ch NP

impregnated MCM-41 and Ch NP—MCM-41, respectively.Figure 9. DLS aggregate size and f-potential distribution of the (a) Ch

NP impregnated MCM-41 nanocomposites and (b) Ch NP—MCM-41

with the insertion of TEM aggregate shapes. [Color figure can be viewed

at wileyonlinelibrary.com]

Figure 10. TGA of the Ch NPs, Ch NP—MCM-41, and Ch NP impreg-

nated MCM-41.
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Beryllium-Uptake Capacity of the Prepared Ch NP–MCM-41

Nanocomposites

Despite its exceptional properties, high toxicity, and even carci-

nogenicity, few published articles concerning the separation of

Be can be found in the literature. Accordingly, the availability of

materials that can act as Be(II) sorbents is of growing interest

for both the separation of pure Be(II) for industrial applications

and for the purification of industrial wastewater contaminated

with Be.

Effect of pH. Figure 11 shows the relation between the effi-

ciency of Be(II) uptake versus the pH of the treated solution

with the prepared materials; the pH of the solution was found

to greatly affect the sorption of Be(II). For MCM-41, as the pH

increased, the amount adsorbed increased until it reached a

maximum at pH 5 6. The low absorption at low pH was due to

the competition between the acid proton H1 and Be21. At pH’s

higher than 6, the precipitation of Be(II) as a hydroxide was

observed. The uptake efficiency of the Ch NPs was less affected

by pH, as was obvious from Figure 11. We observed that the

separation of MCM-41 after treatment was much easier than

that of the Ch NPs, whereas the uptake efficiency of the Ch

NPs was superior to that of MCM-41. Consequently, it was

highly beneficial to combine both materials in a nanocomposite

formula to retain the advantages of a high efficiency and easier

separation processing. The Be(II)-uptake efficiency of both

nanocomposites was even higher than that of the Ch NPs at

pH 6 but slightly lower at lower pH; this indicated the same

behavior as that of MCM-41.

Figure 11. Effect of pH on the Be(II)-uptake efficiency of the prepared

materials. All other parameters were kept constant [initial Be(II) concen-

tration 5 25 ppm, contact time 5 60 min, and adsorbent dose 5 5 g/L].

Figure 12. (a) Effect of the contact time on the Be(II)-uptake efficiency of the prepared materials. All of the other parameters were kept constant [initial

Be(II) concentration 5 25 ppm, pH 5 6, and adsorbent dose 5 5 g/L]. (b) Fitting of the experimental data to the pseudo-second-order kinetic model.

[Color figure can be viewed at wileyonlinelibrary.com]
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Effect of the Contact Time. Different contact times between

the prepared materials and Be(II) solution were investigated

from 10 to 120 min. The results are shown in Figure 12. We

found that a contact time of 60 min was sufficient for achieving

the maximum adsorption efficiency.

To determine the adsorption mechanism of Be(II) onto the pre-

pared materials, four kinetic models, first-order, second-order,

pseudo-first-order, and pseudo-second-order models, were applied

to find the model most fitted to the experimental data.46,47 The

pseudo-first-order kinetic model for the adsorption of solid–liquid

systems and its linear form was formulated as follows:

lnðqe2qt Þ5
lnqe2K1pt

2:303
(3)

The first-order kinetic model linear form was formulated as follows:

log
qe2qt

qe

� �
5

K1t

2:303
(4)

Ho and McKay’s pseudo-second-order kinetic model could be

expressed as follows:

t

qt

5
1

2kq2
e

1
t

qe

(5)

The second-order kinetic model linear form can be formulated as:

1

qe2qt

5
1

qe

1k2pt (6)

where qe and qt are the amounts of M(II) adsorbed at equilib-

rium (mg/g) and time t, respectively; k1p is the equilibrium rate

constant of the pseudo-first-order adsorption (min21); k1 is the

equilibrium rate constant of the first-order adsorption (min21);

k2p is the equilibrium rate constant of the pseudo-second-order

adsorption (g mg21 min21); and k2 is the equilibrium rate con-

stant of the second-order adsorption (g21 mg21 min21).

We found that the pseudo-second-order kinetic model had the

highest R2 values among the other tested kinetic models for the

four investigated materials, and therefore, it was taken as the

most fitted model describing the absorption mechanism. This,

therefore, implied that the uptake process was controlled by

chemical adsorption [chemisorption; Figure 12(b)], in which we

assumed that the adsorption capacity was proportional to the

number of active sites occupied on the adsorbent surface.48

Effect of the Initial Be(II) Concentration. The uptake capacity

of the prepared materials was found to increase with increasing

initial metal-ion concentration, as shown in Figure 13. The

Langmuir and Freundlich isotherm models of adsorption49 (Fig-

ure 14) were applied to further describe the process of Be(II)

uptake by the prepared materials. The Langmuir model is based

on the assumption that the adsorption sites are identical and

energetically equivalent and that only monolayer adsorption

occurs in the process. It can be represented as follows:

Ce

qe

5
1

qmaxb
1

Ce

qmax

(7)

where Ce is the liquid-phase Be(II) concentration at equilibrium

(mg/dm3), qmax is the maximum adsorption capacity of the adsor-

bent (mg/g), and b is the Langmuir adsorption constant (dm3/mg).

The Freundlich isotherm model is based on the assumption of

an exponentially decaying adsorption site energy distribution. It

is applied to describe a heterogeneous system characterized by a

heterogeneity factor (n; which is dimensionless). The Freundlich

model is expressed as follows:

Figure 13. Effect of the initial metal-ion concentration on the Be(II)-uptake

efficiency of the prepared materials. All other parameters were kept constant

[contact time 5 60 min, pH 5 6, and adsorbent dose 5 5 g/L].

Figure 14. Fitting of the experimental data to (a) Langmuir and (b)

Freundlich isotherms.
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logqe5
1

n
logCe1logKf (8)

where Kf is the Freundlich isotherm constant.

The fitting of the experimental results confirmed that the Be(II)-

uptake process obeyed both the Langmuir adsorption model (cor-

relation coefficients 5 0.9599, 0.9886, and 0.9806 for MCM-41, Ch

NP—MCM-41, and Ch NP impregnated MCM-41, respectively)

and the Freundlich adsorption model (correlation coef-

ficients 5 0.9990, 0.8967, and 0.9590 for MCM-41, Ch NP—

MCM-41 and Ch NP impregnated MCM-41, respectively). This

confirmed that the Be(II)-uptake process obeyed both the Lang-

muir and Freundlich adsorption models for these materials, where

the adsorption took place first on the outer surface with relatively

equal energy of adsorption sites (fitted to the Langmuir model)

and then inside the pores in addition to the outer surface in a het-

erogeneous uptake process (fitted to the Freundlich model).

CONCLUSIONS

Ch NPs, with a particle size of 10–30 nm, average aggregate size

of 240 nm, and f potential of 18.2 mV, were prepared by an

ionic gelation technique with multivalent TPP anions.

Ordered mesoporous silica nanomaterials (MCM-41 with a

huge surface area of 1590 m2/g) were prepared by a sol–gel

method. The ordered porous structure was confirmed by small-

angle X-ray diffraction. The morphological structure was con-

firmed by TEM imaging.

Two nanocomposites with different morphological structures

were prepared by the application of different sequences of the

addition of the nanoparticles: the first nanocomposite was

obtained by the addition of MCM-41 into a chitosan solution

followed by the addition of TPP; this resulted in spherical Ch

NPs impregnated with MCM-41, which were referred to as Ch

NP impregnated MCM-41. In the second method, MCM-41

was added to freshly preprepared Ch NPs, and the framework

of MCM-41 acted as a supporting matrix for the Ch NPs. This

structure was referred to as Ch NP—MCM-41.

Although the Be(II)-uptake efficiencies by the Ch NPs were

high, the separation of the product was hard and not quantita-

tive; consequently, we attempted to greatly facilitate the separa-

tion while maintaining the high uptake efficiency of beryllium

by adding MCM-41.

The process of Be(II) uptake in all of the materials followed the

pseudo-second-order kinetic model and both the Langmuir and

Freundlich isotherms. These findings confirmed the applicability

of these materials as small-size species-separation matrixes.
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