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Abstract
A green chelate-like phosphate-based adsorbent functionalized by glycine (CP@Glycine) was first designed, synthesized, and 
applied to selectively separate Be(II) from uranium–beryllium-containing (U/Be) solutions. The optimal adsorption condi-
tions were: WH3PO4

/WCa(OH)2
/WGlycine (wt/wt/wt) of 3:3:1, pH=6, resulting in the maximum adsorption efficiency of 99% in the 

case of adsorbent of 2 g ⋅ L−1 . CP@Glycine exhibited excellent selectivity for Be(II) ( Kd = 2.53 × 104 mL ⋅ g−1 ) toward Fe, 
U, Zn, Mn, Na, and Ca in solutions. After 5 adsorption–desorption cycles, the removal efficiency of Be(II) remained at 85%, 
and the desorption rate of Be(II) was above 90%. Adsorption kinetics and thermodynamics studies showed that the theoretical 
maximum adsorption capacity (Qe ) of CP@Glycine was 66 mg ⋅ g−1 , which was higher than the state-of-the-art adsorption 
materials. Besides, the surface of CP@Glycine exhibited abundant active sites with negative charges which would have a 
potential electrostatic attraction with Be(II). Moreover, the adsorption mechanism of CP@Glycine was methodically revealed 
through a combination of various characterizations and DFT investigations. It was found that BeNH4PO4 and Be(OH)2 were 
formed as stable precipitates on the surface of CP@Glycine, which implied that Be(II) was coordinated with the amino and 
the phosphate groups from CP@Glycine, thus achieving the chelation effect of Be(II) with CP@Glycine for the adsorption 
process. The results of DFT investigations further confirmed that Be(II) owned strong bonding affinity to the amino group 
and the phosphate group from the as-prepared CP@Glycine. The results indicated that the calculated binding energy of 
the Be complex coordinated with glycine and phosphate ( −229.37 kcal ⋅mol−1 ) was lower than that of other possible Be 
complexes. The above findings revealed that CP@Glycine could be a promising adsorbent for the selective separation and 
recovery of Be(II) from U/Be wastewater.
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1  Introduction

As a critical rare material, beryllium is extensively uti-
lized in alloys, electronics, and computer industries [1, 2]. 
Currently, the total resources of beryllium in the world 
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are about 3.383million tons, and proven mineral reserves 
account for 1.164 million tons [3]. Beryllium is listed by 
the European Union as one of the 14 most critical min-
eral resources [4]. With the increasing demand for beryl-
lium in the world and the continuous increase in mineral 
resources exploitation, the mining geological environment 
has been increasing concern by government and investiga-
tors because of the extremely high toxicity of beryllium. 
Several investigators reported that Be(II) migrated easily 
into the environment, mainly through ore mining, weath-
ered rocks and minerals, and coal pile leaching  [5–7]. 
Hence, beryllium would inevitably migrate from mineral 
resources to water resources to produce substantial quanti-
ties of wastewater containing beryllium. It is well known 
that beryllium is a highly toxic metal, and humans exposed 
to beryllium for long periods are susceptible to beryl-
lium lung disease and cancer [8]. Additionally, beryllium 
would also contaminate agricultural ecosystems and seri-
ously disrupt the growth of crops [9, 10]. WHO displays 
that the maximum allowable limit for beryllium waste-
water discharge would be 0.012 mg ⋅ L−1 (Guidelines for 
Drinking-Water Quality). Therefore, the treatment of U/
Be wastewater has become more and more urgent. On the 
other hand, there exist many metal cations (Zn(II), Mn(II), 
Ca(II), Fe(II), Na(I), and (VI)) in U/Be wastewater, which 
would affect the removal of Be(II) [8]. As a result, the 
selective separation of Be(II) from U/Be solutions is very 
challenging due to the low concentration and coexistence 
of multiple ions.

At present, the treatment of U/Be wastewater is mainly 
performed by adsorption, precipitation, and biological 
approaches. Among them, adsorption is the optimal meth-
odology due to its advantage in purifying solutions with 
low concentrations. Sun et al.  [11] found that activated 
sludge could adsorption Be(II) from U/Be solutions and the 
reported adsorption capacity Qe value of the activated sludge 
was 14.4 mg ⋅ g−1 . Mahmoud et al. [12] employed chitosan 
to adsorb Be(II) and the Qe of chitosan was 44.96 mg ⋅ g−1 . 
Zhao et al. [13, 14] utilized modified biochar for the treat-
ment of U/Be wastewater and reached maximum adsorp-
tion capacity Qe (45.68mg ⋅ g−1 and 32.86 mg ⋅ g−1 ) under 
neutral conditions. In conclusion, the adsorbents currently 
reported for Be(II) generally have a Qe of lower than 50mg/g. 
The low adsorption capacity and economics of the reported 
adsorbents limited their application. Therefore, the design 
and preparation of economical and environmentally sound 
adsorbents with high selectivity and adsorption capacity are 
crucial for the treatment of U/Be wastewater.

Previous investigations [15, 16] revealed that Be(II) 
exhibited a strong coordination property with hard O 
donor atoms. De and Krishnamoorthy [17, 18] reported 
that Be(II) is capable of forming stable complexes with 
phosphate and ammonia to produce precipitation. On the 

other hand, it is well known that the N, O, and S donor 
atoms in the carbon side chains of amino acids can be con-
sidered as active sites. Owing to the excellent complexa-
tion ability of amino acids, Sarvar et al. [19] utilized eight 
amino acids for gold leaching. Considering the strong 
coordination affinity of Be(II) with the N donor atom, this 
paper aims to propose the possibility of constructing a 
phosphate-based adsorbent functionalized by amino acid 
for the selective adsorption of Be(II) from U/Be solutions 
in an innovative way.

In this paper, a green, energy-saving, and efficient 
adsorption material with high selectivity is prepared for 
the removal of beryllium toward impurity ions from the 
aspect of functional group design. To the best of our knowl-
edge, this is the first time for an amino acid to be utilized 
as an adsorbent. Before this, phosphates were broadly uti-
lized for the determination of beryllium [17, 18], and the 
results showed that phosphate has a strong binding ability 
to beryllium. Therefore, we speculate that phosphate can be 
effectively employed for the removal of beryllium from the 
solution. The main concept of the present investigation is to 
design and prepare an effective adsorbent via one kind of 
amino acid and calcium phosphate, which provide nitrogen 
and phosphorus sources for the coordination of Be(II). The 
crucial goal is to achieve the selective removal of beryllium 
from U/Be solutions. The removal and separation behaviors 
of Be(II) from U/Be solutions with the as-prepared absor-
bent material (named as CP@Glycine) were examined by 
using batch experiments. The adsorption thermodynamics 
and kinetics of Be(II) with CP@Glycine were also deter-
mined. Besides, the adsorption selectivity of Be(II) toward 
Fe(II), U(VI), Zn(II), Mn(II), Na(I), and Ca(II) was also 
methodically explored. The removal mechanism was thor-
oughly investigated by the combination of different char-
acterizations. At the same time, the adsorption capacity of 
CP@Glycine is 66 mg ⋅ g−1 , which is higher than the larg-
est known adsorbent ( Qe = 55mg ⋅ g−1) [15]. In addition, 
DFT investigations were used in this study to explore the 
possible coordination interactions between Be(II) and the 
ligands from CP@Glycine. Based on the above studies, a 
novel environmentally sound beryllium separation technol-
ogy would be established and the adsorption mechanism 
would be discovered at atomic level.

2 � Experiment

2.1 � Materials

Glycine (Gly) (C2H5NO2 , purity:   99%, CAS Num-
ber: 56-40-6), ZnCl2 (purity:   98%, CAS Number: 
7646-85-7), MnSO4.H2 O (purity:   98%, CAS Number: 
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10034-96-5), FeSO4 (purity:  90%, CAS Number: 10034-
96-5), CaCl2 (purity:  96%, CAS Number: 10043-52-4), 
NaCl (purity:  99%, CAS Number: 7647-14-5), phosphoric 
acid (H3PO4 , purity:   85%, CAS Number: 7664-38-2), 
BeO (purity:  99%, CAS Number: 1304-56-9), Ca(OH)2 
(purity:  99%, CAS Number: 1305-62-0) were purchased 
from China Shanghai McLean Biochemistry Co., Ltd.

2.2 � Preparation of CP@Glycine

The CP@Glycine was prepared by the following proce-
dure. 1 g of glycine was dissolved in 25 mL of deionized 
water, and then, 1.5 g of calcium hydroxide was added to 
the mixture. After stirring at 65 ◦C for 2 h, 1.5 g of phos-
phoric acid was poured uniformly and the mixture was 
then rapidly mixed. The obtained uniform solution was 
heated in an oven at 105 ◦C to dry and turn into a powder. 
The CP@Glycine powder prepared in this way was mostly 
used to remove Be(II) in U/Be solutions.

   The preparation process of the adsorbent does not 
produce any toxic and harmful gases and can efficiently 
remove  ber yl l ium f rom ber yl l ium-conta in ing 
wastewater.

2.3 � Solution preparation

According to previous studies  [20], U/Be wastewater 
usually contains various elements such as Be(II), Zn(II), 
Mn(II), Ca(II), Fe(II), Na(I), and U(VI). In the present 
investigation, U/Be solutions with low concentrations 
(5 mg ⋅ L−1 and 10 mg ⋅ L−1 ) were appropriately prepared 
for batch experiments, adsorption kinetics, and thermo-
dynamic studies, whereas mixed solutions containing Be, 
Zn, Mn, Ca, Fe, Na, and U (10 mg ⋅ L−1–50 mg ⋅ L−1 ) were 
simulated for adsorption selectivity investigations.

2.4 � Batch experimental analysis

The accuracy of results was demonstrated by the prepara-
tion of adsorbent, initial pH, amount of adsorbent, and 
adsorption of a simulated solution from U/Be solution. 
Three sets of parallel samples were utilized in batch exper-
iments to verify the validity of the results. Batch test of 
WH3PO4

/WCa(OH)2
/WGlycine (wt/wt/wt) was conducted to 

investigate the effects of WH3PO4
 / WCa(OH)2

/WGlycine =1:1:1, 
2:2:1, 3:3:1, 4:4:1, 5:5:1 on the resulting adsorption. 
0.05 g of five various substances was placed in a 50 mL 
solution to form a mixture. The mixture was placed in a 
shaking table under reaction conditions of 25 ◦ C, 175 rpm, 
and 16 h. The mixture was then appropriately separated, 

and the concentration of Be(II) in the clarified solution 
was measured by an ultraviolet spectrophotometer (UV-
2550, Shimadzu).

2.5 � Adsorption kinetics and thermodynamics 
studies

0.1 g of CP@Glycine was weighed and placed in 50 mL 
beryllium solutions ( C0=10, 60, 180, 200, 220, 250, 300, and 
350 mg ⋅ L−1 ) and then divided into 8 groups with three par-
allel samples in each group. The above solutions were placed 
in a constant temperature shaking table and then oscillated at 
175 rpm at three temperatures (i.e., 15 ◦C , 25 ◦ C, and 35 ◦ C) 
until arriving at the equilibrium. The adsorption kinetics 
of Be(II) were investigated with pseudo-first-order (PFO), 
pseudo-second-order (PSO), Elovich, and intraparticle dif-
fusion models. The adsorption kinetics and thermodynamic 
models refer to the equation section entitled “Equations” in 
the Supporting Information.

2.6 � Adsorption selectivity studies

The mixed solutions containing Be, Zn, Mn, Ca, Fe, Na, and 
U (10 mg ⋅ L−1–50 mg ⋅ L−1 ) were appropriately simulated 
for the adsorption selectivity studies. The selective adsorp-
tion performance of Be(II) from the solutions with CP@
Glycine was evaluated using the dispersion coefficient, Kd 
( mL ⋅ g−1 ). The dispersion coefficient ( Kd ) can be calculated 
as follows [21]:

where Ce ( mg ⋅ L−1 ) is the equilibrium concentration; C0 
( mg ⋅ L−1 ) is the initial concentration of Be. m (g) is the 
mass of the adsorbent. V (mL) is the solution volume.

3 � Results and discussion

3.1 � Characterization

Figure 1a demonstrates the SEM analysis diagram of CP@
Glycine, from which it can be seen that CP@Glycine shows 
good agglomeration and irregular shape. Figure 1b shows 
the results of the TEM analysis. The original sample showed 
an irregular shape, and the average particle size of about 
200 nm, CP@Glycine particle size greater than compared 
with separate calcium phosphate [22, 23] and amino acids. 
This result may be related to the presence of amino acids that 
alter the growth of calcium phosphate.

(1)Kd =
(C0 − Ce) × V

Ce × m
× 1000

gary
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Figure 1c illustrates the FT-IR analysis of CP@Gly-
cine. The bending at 3400 cm−1 − 3500 cm−1 was mainly 
attributed to O-H [24–26]. The vibration of the bands at 
2900 cm−1 and 1650 cm−1 is essentially ascribed to the N-H 
bond [27, 28], whereas the vibration at 1060 cm−1 is mainly 
attributed to the P-OH bond [29]. At 1155 and 1343 cm−1 , 
the characteristic band of in-plane bending of P-O-H has 
been presented [30]. The vibration of the bands at 890 cm−1 
and 610 cm−1 is essentially attributed to the P-O bond [31].

Figure 1d shows the XRD analysis results of CP@Gly-
cine, revealing multiple characteristic peaks. The pres-
ence of Ca3(PO4)2 (PDF♯48-0488) leads to the character-
istic peak at 2 �=24.2°, 25.6°, 32.2°, while NH4N3 (PDF♯
09-0499) leads to the characteristic peak at 2 �=29.3° and 
38.8°. The obtained results by the SEM, TEM, FT-IR, and 
XRD revealed that the CP@Glycine sample was success-
fully prepared.

3.2 � Batch experiments

The preparation process of adsorbent significantly affects 
the adsorption effect. The results of the batch experiments 
are illustrated in Fig. 2.

Five different ratios were tested for sample preparation 
(WH3PO4

/WCa(OH)2
/WGlycine=1:1:1, 2:2:1, 3:3:1, 4:4:1, 5:5:1). 

The removal efficiency of Be(II) by CP@Glycine is posi-
tively correlated with the weight ratio of WH3PO4

/WCa(OH)2

/WGlycine and reached the maximum when the weight ratio 
was 3:3:1 (Fig. 2a). Therefore, the optimal weight ratio of 
WH3PO4

/WCa(OH)2
/WGlycine was 3:3:1.

The amount of absorbent shows the economic benefits 
of the absorbent material. Figure 2b illustrates the effect 
of adsorbent dosage. The graph presents that the optimal 

adsorption rate (99%) is achievable in the case of 2 mg ⋅ L−1 
adsorbent. By this virtue, the adsorbent dosage in this exper-
iment was set as 2 mg ⋅ L−1.

The initial pH value of the solution influences the 
chemical properties and zeta potential of the adsorption 
process  [21]. The plotted results in Fig.  2c reveal that 
the adsorption rate of Be(II) is positively correlated with 
increasing pH. The optimum initial pH appears at 6, and the 
removal efficiency of beryllium reaches 99%. This is because 
Be(II) mainly exists in the form of Be4(OH)4+

4
 for the case of 

pH>6, which hardly binds to phosphate and ammonia, thus 
affecting the adsorption efficiency [32]. This phenomenon 
is also reflected by the zeta site (PHzpc ). Figure 2d demon-
strates that the PHzpc of CP@Glycine is 2.25. When the pH 
is lower than PHzpc , the adsorption efficiency is enhanced. 
The surface of CP@Glycine is positively charged, whereas 
Be(II) exists as a cation, leading to electrostatic repulsion 
leading to low adsorption rates [15]. As the pH increases, the 
deprotonation degree of CP@Glycine gradually decreases. 
When the surface of CP@Glycine is negatively charged and 
the phosphate and ammonia groups are likely to form stable 
complexes with Be(II) [17], the adsorption capacity could 
be remarkably enhanced, as explained by De [16].

The Be(II) desorption capacity and reusability of CP@
Glycine were also studied. Figure 2e–f demonstrates that 
the removal efficiency of Be(II) decreases slightly, while 
the desorption rate of beryllium decreases during 5 adsorp-
tion–desorption cycles for both 5 mg ⋅ L−1 beryllium solu-
tions and then remains constant. In the first adsorption and 
desorption cycle, the removal efficiency of Be(II) is 99% and 
decreases to 90% (in cycle 3). After 5 cycles, the absorption 

Fig. 1   (Color online) SEM analysis of CP@Glycine (a), TEM analy-
sis of CP@Glycine (b), FT-IR analysis of CP@Glycine (c), XRD 
analysis of CP@Glycine (d)

Fig. 2   (Color online) a Effect of sample preparation, b Influence 
of adsorbent dosage, c Effect of initial pH, d Zeta potential, e and f 
Adsorption and desorption experiments of CP@Glycine (e 5 mg/L, f 
10 mg/L)
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rate of Be(II) remains 85%. The results indicate that the des-
orption rates of Be(II) during 5 cycles are above 90%. There-
fore, CP@Glycine has good reusability in the experimental 
range, which proves that CP@Glycine has economic benefits 
and acceptable recycling performance.

3.3 � Equilibrium modeling

Adsorption kinetics are able to effectively react to the 
required retention time of the adsorbent. Four kinetic mod-
els, namely pseudo-first-order kinetics, pseudo-second-order 
kinetics, Elovich, and intraparticle diffusion, were used to 
fit the data of CP@Glycine adsorption of beryllium. Fig-
ure 3a–b illustrates the fitting of the adsorption kinetics. 
The results showed that Be(II) is rapidly absorbed in the 
initial stage of adsorption. As CP@Glycine occupies many 
adsorption sites in the early stages, Be(II) is removed in 
solution [15]. As is seen, the PSO model ( R2 = 0.999 ) is 
more suitable for fitting the Be(II) removal process by CP@
Glycine compared to the PFO model ( R2 = 0.993 ), intrapar-
ticle diffusion ( R2 = 0.921–0.940), and Elovich ( R2 = 0.987

–0.996). In addition, the chi-square parameter ( �2 ) of the 
fitted model was lower, and the estimated Qe values were 
closer to the experimental data. This suggests that the 

removal process is regulated by chemisorption and physical 
adsorption at the same time [16].

Adsorption isotherms were also examined based on the 
Langmuir model, Freundlich model, Redlich–Peterson 
model, and Temkin model. Figure 3c illustrates that Qe and 
temperature exhibit a positive correlation with the initial 
concentration of beryllium. The fitting results of the adsorp-
tion isotherm models are demonstrated in Fig. 3d–f, and 
the adsorption isotherm data are listed in Table S2. Accord-
ing to the relevant coefficient ( R2 ), the Freundlich model 
( R2 = 0.961 ) is more suitable for fitting the Be(II) removal 
process with CP@Glycine for the tested temperature range 
than the Langmuir model ( R2 = 0.830 ) at 35 ◦C [13]. At the 
temperature of 25 ◦ C, the Temkin model ( R2 = 0.991 ) also 
seems suitable for fitting the adsorption process [32, 33]. 
By comparing the chi-square parameter ( �2 ) of the four 
equations, it can be seen that the �2 values of Langmuir 
and Temkin at 25 ◦ C are 0.75049 and 0.54103, respectively, 
which is much lower than that of Freundlich. However, the 
�2 of Freundlich was lower than that of Langmuir and Tem-
kin at 15 and 35 ◦ C. Therefore, the Redlich–Peterson model 
was introduced, which is a mixture of the Langmuir and 
Freundlich models [34]. Additionally, the experimental iso-
therm data fitted by the Redlich–Peterson model revealed 
that phosphoric acid adsorption on pyrolytic hydrocarbons 

Fig. 3   (Color online) Adsorption kinetics fitting (a–d), Adsorption isotherm fitting (e–i)
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does not follow the ideal monolayers or heterogeneous sur-
face adsorption, but the mixed adsorption behavior of both. 
The maximum Qe of CP@Glycine for beryllium is obtained 
as 66 mg ⋅ g−1 at 35 ◦ C. Compared to other adsorbents, CP@
Glycine exhibits a higher Qe for beryllium (Table S3). In 
addition, the cooperative effect of P-O with N-H and O-H 
may enhance the removal of beryllium by CP@Glycine.

Adsorption thermodynamics of Be(II) with CP@Gly-
cine was also determined. According to Table S4, during 
the tested temperature range, the calculated enthalpy change 
( △H0 ) is positive (> 0), indicating that the removal progress 
is associated with a negative heat response [28]. Gibbs free 
energy ( △G0 ) < 0, indicating that the removal progress is 
autogenic [21]. Entropy change ( △S0 ) > 0 signifies that 
the disorder between solid and liquid is increased in the 
removal progress [35]. To conclude, the removal progress 
is an autogenous negative heat process, which is consistent 
with the results of Fig. 3 and Table S4.

3.4 � Adsorption selectivity

The selective adsorption experiment of beryllium by CP@
Glycine was explored. In U/Be solutions, multiple coexisting 
ions usually compete for active sites [36]. The separation 
behaviors of Be(II) with CP@Glycine from the mixed solu-
tions with Zn, Mn, Ca, Fe, Na, and U were also carefully 
examined. Figure 4a illustrates the competitive adsorption 
of Be(II) from binary solutions that contain Be(II) and other 
different metal ions. The obtained results indicate that CP@
Glycine exhibits a good adsorption rate (99%) of Be(II) from 
mixed U/Be solutions with various ion concentrations. The 
defined distribution coefficient ( Kd ) shows the adsorption 
selectivity of Be(II) with CP@Glycine. Figure 4b demon-
strates the Kd of each competitor ion at the same concentra-
tion. The Kd value of Be(II) with CP@Glycine ( Kd=2.53×
104 mg ⋅ L−1 ) is much higher than the other six elements, 
which confirms that CP@Glycine has excellent selectiv-
ity of Be(II) over other impurities (i.e., Zn(II) ( Kd=0.133×
104 mg ⋅ L−1 ), Mn(II) ( Kd=0.023×104 mg ⋅ L−1 ), Ca(II) ( Kd

=0.014×104 mg ⋅ L−1 ), Fe(II) ( Kd=1.53×104 mg ⋅ L−1 ), Na(I) 
( Kd=0.013×104 mg ⋅ L−1 ), and U(VI) ( Kd=0.56×104 mg ⋅ L−1

)). To investigate the adsorption selectivity of Be(II) over 
competitive ions, the influence of different concentrations 
of competitive ions on Kd of Be(II) was also determined. 
Figure 5 illustrates the effect of various ion concentrations 
(i.e., Fe(II), U(VI), Zn(II), Mn(II), Na(I), and Ca(II)) on the 
Kd value of Be(II). Figure 5a demonstrates that the Kd value 
of Be(II) grows with increasing Fe(II) concentration because 
increasing pH may lead to precipitation of Fe(II) and co-
precipitation with Be(II) [21]. Figure 5b–f illustrates that 
within the experimental range, the concentrations of coexist-
ing ions (i.e., Zn, Mn, Ca, Na, and U) have little influence 
on the Kd value of Be(II). The orders of magnitude of the 
Kd value of Be(II) are as high as 2.53×104 mg ⋅ L−1 , indicat-
ing the strong removal selectivity of CP@Glycine for Be(II) 
from U/Be solutions.

3.5 � Adsorption mechanism

The physical and chemical properties of CP@Glycine before 
and after adsorption (Used-CP@Glycine) were analyzed by 
different characterization to discover the adsorption mecha-
nism of Be(II) with CP@Glycine. The surface morphol-
ogy of CP@Glycine and Use-CP@Glycine is presented in 
Fig. 6a–f. By comparing the morphology of CP@Glycine 
and Use-CP@Glycine, many flocs were detected on the sur-
face after adsorption. The energy-dispersive spectrum (EDS) 
analysis (Fig. 6g) of CP@Glycine and Use-CP@Glycine was 
further performed. Figure 6h illustrates that the peaks of O 
element are remarkably increased, indicating that a much 
amount of O accumulates on Used-CP@Glycine. However, 

Fig. 4   (Color online) a Effect of the coexisting ion concentration on 
the adsorption rate of beryllium, b Effect of the single concentration 
of coexisting ions on Kd

Fig. 5   (Color online) Influence of different coexisting ions on Kd 
adsorbed by CP@Glycine at different concentrations
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the Be element peak is not appropriately detected because 
Be(II) is below the EDS detection line.

The interaction between Be(II) and the adsorbent 
molecular groups plays a vital role in the removal pro-
cess [37]. Figure 6i illustrates the FT-IR analysis of CP@
Glycine and Use-CP@Glycine. The O-H strength of Use-
CP@Glycine increased significantly. CP@Glycine has a 
strong vibration at 2900 cm−1 (N-H), and the vibration 
becomes weak after adsorption. The N-H bond shifts to 
1650 cm−1 , which indicates the coordination change of the 
N-H bond during the reaction process [31] and the forma-
tion of a new substance with Be(II). The strength of the 
P-OH bond enhanced after the reaction in 1060 cm−1 , 
which reveals the increase in the -OH group radical on the 
CP@Glycine surface. These findings are in reasonable 
agreement with the EDS results. The removal band at 
555 cm−1 is essentially designated as the P-O bending from 
the PO3−

2
 group [38]. The results indicate that The P-O 

bond on CP@Glycine was shifted after adsorption, and a 
new vibration peak of the P-O bond at 690 cm−1 appears, 

which proves that the P-O bond and Be(II) interact to form 
new products [39].

To characterize the chemical composition of the newly 
formed product after adsorption, X-ray diffraction (XRD) 
analysis (Fig. 6j) of CP@Glycine and Use-CP@Glycine 
was performed before and after adsorption. Figure 6j illus-
trates that new diffraction peaks appear in the XRD pat-
tern of Use-CP@Glycine compared to the XRD pattern of 
CP@Glycine, which implies the formation of new products. 
According to standard diffraction card data, the diffraction 
peaks of the formed products correspond to BeNH4PO4 
(PDF♯31-0185) and Be(OH)2 (PDF♯39-1411). It can then 
be concluded that beryllium compounds are produced during 
the adsorption process and the products are mostly BeNH4

PO4 and Be(OH)2 . This finding confirms that the separation 
of Be(II) is dominated by chemisorption and that both P-O 
bonds and N-H bonds of CP@Glycine involve the forma-
tion of BeNH4PO4 precipitates. Hence, it is thought that the 
central Be(II) ion formed a complex due to the presence of 
two distinct coordinate bonds of CP@Glycine to achieve a 
chelating effect.

Fig. 6   (Color online) a–c SEM images of CP@Glycine, d–f Used-CP@Glycine, g EDS images of CP@Glycine, h Used-CP@Glycine, i FT-IR 
analysis, j XRD analysis of CP@Glycine and Used-CP@Glycine, k TG analysis of CP@Glycine, l TG analysis of Used-CP@Glycine
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To further confirm the composition of the surface precipi-
tates after adsorption, thermogravimetric analysis (TG) was 
implemented and the corresponding results of CP@Glycine 
and Used-CP@Glycine are presented in Fig. 6k–i. The plot 
associated with CP@Glycine exhibits multiple endothermic 
peaks, the first peak happens around 65 ◦C , and the loss 
value is around 4%, which indicates the lack of water in the 
adsorption material [40]. The second peak occurs around 
200 ◦C , and the loss value was 6.8%, which was essentially 
related to the loss of ammonia in CP@Glycine [41]. The 
third endothermic peak occurs at about 400 ◦C with a loss 
value of 13.1%, indicating the dehydroxylation of CP@Gly-
cine [42]. The endothermic loss peak of Used-CP@Glycine 
is estimated to be 12.76% at about 65 ◦C–280 ◦C , which 
indicates the loss of water and ammonia [41]. The thermo-
gravimetric loss from 300 ◦C to 690 ◦C corresponds to the 
dehydroxylation process of Used-CP@Glycine with a loss of 
7.84%. The third endothermic peak appears at the tempera-
ture of 700 ◦C–800 ◦C , and the loss rate is 2.34%, revealing 
the conversion process of pyrophosphate ion P 2O4−

7
 [42].

A previous study has shown that elemental valence 
changes occur during the adsorption process [31]. Herein, 
X-ray photoelectron spectroscopy (XPS) (see Fig. 7) has 
been utilized to analyze the elemental valence changes of 
CP@Glycine and Used-CP@Glycine C 1 s, O 1 s, N 1 s, 
and P 2p were further analyzed. Figure 7A illustrates the 
entire XPS spectrum of CP@Glycine and Used-CP@Gly-
cine. According to Fig. 7B, Be(II) is detected in Used-CP@
Glycine, indicating that beryllium is adsorbed to CP@
Glycine. Figure 7C demonstrates that the O-C=O bond is 

converted into a C-O-P bond and a C-OH bond during the 
reaction, indicating that phosphate is involved in the reaction 
between Be(II) and CP@Glycine [43, 44]. Compared with 
CP@Glycine, the area of the -NH+

3
 group on Used-CP@Gly-

cine exhibits an obvious growth (Fig. 7D), and the energy 
shifts. This appropriately interprets the increase in the -NH+

3
 

group on the surface of Used-CP@Glycine [29] and the par-
ticipation of such forms. Additionally, the performed analy-
sis shows that the peak at 530.70 eV is considered the O 
1 s binding site of the phosphate group (Fig. 7E). The -OH 
group is added at 532.74 eV on Used-CP@Glycine [45]. 
Figure 7F demonstrates the analysis of P 2p, and the peak 
value of P 2p decreases and shifts after adsorption, indicat-
ing the formation of complex [46]. The obtained XPS results 
confirm that the phosphate and amino acids, PO3−

4
 , NH+

4
 , and 

OH− of the as-prepared CP@Glycine involve the adsorp-
tion of beryllium, which further validates the chelating-like 
interaction between Be(II) and CP@Glycine.

3.6 � Adsorption mechanism

In this paper, the interaction of Be(II) with a phosphate 
group and glycine in CP@Glycine has been investigated 
utilizing the quantum chemistry calculation method. The 
stable existence forms of glycine, H 2PO−

4
 , HPO2−

4
 , and PO3−

4
 

in aqueous solution are shown in Fig. 8.
The optimized structure and binding energy of beryllium 

and different ligands are presented in Fig. 9.
Figure 9a shows the optimized structures and binding 

energies of the possible Be(II) complexes formed with gly-
cine. It is found that both the amino and carboxyl groups 
participate in the bonding with Be2+ , the formed complex 
has the lowest binding energy −89.24 kcal ⋅mol−1 , so this 
binding mode is the most thermodynamically stable [47]. 
Figure 9b shows the optimized structure and binding energy 
of Be2+ with H 2PO−

4
 , which shows the binding energy of 

Be2+ and H 2PO−
4
 was −99.92 kcal ⋅mol−1 . Figure 9c shows 

the optimized structure of Be2+ and HPO2−
4

 , and the binding 
energy between Be2+ and HPO2−

4
 is −145.52 kcal ⋅mol−1 . 

In Fig. 9d, the structure of Be2+ and PO3−
4

 is optimized and 
the binding energy is determined as −179.97 kcal ⋅mol−1 . 
Hence, it can be seen that the binding energy between Be2+ 
and PO3−

4
 is the lowest as compared with that of the possible 

Be(II) complexes formed with glycine, indicating that the 
structure of Be2+ and PO3−

4
 might be the possible thermody-

namically stable structure. To further explore the possible 
chelating structures and binding energies of Be2+ with gly-
cine and phosphate ligands, the different Be(II) complexes 
were optimized and the corresponding binding energies were 
obtained (Fig. 9e–i). Figure 9e–i shows that among all the 
composite structures, Gly-Be-PO3−

4
 (Fig. 9h) has the lowest 

binding energy, so it is the most thermodynamically stable Fig. 7   (Color online) XPS analysis of CP@Glycine and Used-CP@
Glycine
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in the optimized structure. Therefore, the localized electron 
density function diagram of the optimized structure is shown 
in Fig. 10.

Figure 10 presents the electron localized function (ELF) 
diagram of the electron density distribution among Be, gly-
cine, and phosphate ligands. The cross section of Fig. 10a is 
the plane where nitrogen/oxygen atoms and Be2+ in glycine 
are located, and the cross section of Fig. 10b is the plane 
where two oxygen atoms and Be2+ directly interacting with 
Be2+ in PO3−

4
 are located. It can be found that the ELF func-

tion value between glycine and Be2+ is close to 1, so it can be 
considered that there is a covalent bond between the glycine 
and Be2+ , and the ELF function value between PO3−

4
 and 

Be2+ is about 0.8, so there is a covalent bond between the 
PO3−

4
 and Be2+ . The overlap of electron density among Be, 

glycine, and phosphate ligands is the maximum for adsorp-
tion of Be at the N-O-P site, as shown in Fig. 10a. This 
is because glycine and PO3−

4
 have a strong ability to pro-

vide electrons, and Be(II) accepts electrons and coordinates 
with functional groups on the surface of the adsorbent. This 
indicates that N, O, and P in glycine and phosphate groups 
provide coordination for Be.

According to the above characterization results, it is spec-
ulated that both the N-H bond and P-O bond of CP@Glycine 
form a stable metal-chelated complex with Be(II) during 
adsorption [18]. N, O, and P of CP@Glycine all contrib-
ute electrons to the coordination of Be2+ . The hydroxyl and 
amino groups of CP@Glycine lead to more anions on the 
solid surface that produce an electrostatic attraction to posi-
tively charged beryllium ions [31]. Moreover, the O-H on 

the CP@Glycine combined with Be(II) to form a beryllium 
hydroxide precipitate [15]. In addition, amino acids have 
been reported to produce ammonia and phosphate due to the 
deamination process [47, 48]. These adducts may promote 
the formation of stable metal chelate complexes with Be(II). 
The quantum chemical calculation indicates higher stability 
of Gly-Be-PO3−

4
 and PO3−

4
-Be-PO3−

4
 than other structures. 

The higher stability is due to the bonding affinity of beryl-
lium between the PO3−

4
 and glycine of CP@Glycine. Hence, 

it can be concluded that the introduction of phosphate and 
glycine will not only increase the number of active sites on 
the surface of CP@Glycine but also help in the formation 
of a stable beryllium complex [36]. To sum up, the selective 
removal of Be(II) with CP@Glycine is dominated by chem-
isorption. Further, the occurrence of adsorbents is precipi-
tates of BeNH4PO4 and Be(OH)2 , which show a chelate-like 
effect during the adsorption process.

4 � Conclusion

In this study, first, a chelate-like amino acid/calcium phos-
phate composite material was designed and synthesized 
for the efficient, simple, and economic separation of Be(II) 
from U/Be solutions. According to batch experiments, the 
best composition for the preparation of CP@Glycine was 
determined, and the ratio of WH3PO4

/WCa(OH)2
/WGlycine (wt/

wt/wt) is 3:3:1. The results of adsorption kinetics and ther-
modynamics show that the maximum Qe of the adsorption 
isotherm is 66 mg ⋅ g−1 at pH 6. Additionally, CP@Glycine 
exhibited good adsorption and desorption capabilities. 
After five cycles, the adsorption and desorption efficiencies 
remained at 85 and 90%, respectively. Furthermore, CP@
Glycine demonstrated excellent adsorption selectivity for 
Be(II). The obtained results revealed that Be(II) can be effec-
tively separated from multicomponent solutions containing 
Be, Zn, Mn, Ca, Fe, Na, and U. The results of DFT found 
that the calculated binding energy of the Be complex coor-
dinated with glycine and phosphate ( −229.37 kcal ⋅mol−1 ) 
was lower than that of other possible Be complexes. The 
localized electron density function of the Be coordinated 
complex also verified the tendency to form covalent bonds 

Fig. 8   (Color online) Optimized structures of Be(II) and possible 
ligands a Be(H2+O)2+

4
 , b glycine, c H 2PO−

4
 , d HPO2−

4
 , e PO3−

4

Fig. 9   (Color online) Optimized structures and binding energies of 
Be2+ with different ligands: a Be2+-glycine complex, b Be2+-H2PO−

4
 

complex, c Be2+-HPO2−
4

 complex, d Be2+-PO3−
4

 complex, e Be2+ - gly-
cine complex, f Be2+-H2PO−

4
-glycine complex, g Be2+-HPO2−

4
-glycine 

complex, h Be2+-PO3−
4

-glycine complex, i H 2PO−
4
-Be2+-H2PO−

4
 com-

plex

Fig. 10   (Color online) Electron localization density function diagram 
of Be2+ combined with glycine and phosphate ligands
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between N and O atoms from glycine and P and O atoms 
from phosphate with Be2+ . Furthermore, the chelate-like 
interaction between Be(II) and CP@Glycine dominates the 
chemisorption process, and the surface of CP@Glycine has 
more negative charge and generates electrostatic attraction 
with beryllium. However, this study was finally only used 
for the adsorption of beryllium in simulated wastewater. 
After that, it is necessary to carry out large-scale expansion 
experiments and consider the recycling of beryllium. These 
findings guide optimizing the future design of composites 
based on high beryllium absorption.
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