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Abstract—With the wide application of beryllium globally, industrial wastewater has rapidly increased. Previously,
adsorption was effective in treating this issue. However, most adsorbents have a poor removal rate, primarily in the low
adsorption capacity. To remove Be from industrial wastewater and overcome the disadvantages of low adsorption
capacity and poor removal rate of existing adsorbents, typical agricultural waste lotus leaf was used to prepare Al-acti-
vated carbon (Al-AC) by the impregnation-calcination modification of AI(NO;),. The theoretical maximum adsorp-
tion capacity of Al-AC was 32.86 mg/g. Langmuir, Freundlich, and Temkin models were used to thermodynamically
analyze Al-AC, and adsorption thermodynamics demonstrated that the adsorption reaction of Al-AC was endother-
mic. Through characterization analysis, the specific surface area of the modified AC increased from 4.3573 to 155.87
m’/g. This study provides a new approach to preparing and modifying AC and a new method for removing Be from

industrial wastewater.
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INTRODUCTION

Beryllium is a type of national strategic reserve resource. Because
of its lightweight and high strength, Be is extensively used in nuclear
weapons, nuclear reactors, inertial guidance elements, X-ray tubes,
space optics, microelectronics, and other fields. Presently, China’s
Be external dependence is 85% [1]. With the increasingly wide-
spread use of Be, the amount of Be mining has increased. A large
amount of process wastewater, tailings wastewater, ore washing,
sedimentation wastewater, leaching water for dust removal and puri-
fication devices, floor washing in operation areas, and equipment
washing wastewater are generated in the process of Be beneficia-
tion, and wastewater from washing work clothes [2], which would
pollute the surface water and groundwater resources in the surround-
ing environment. Be is also toxic; pure Be is not highly toxic, but
some Be compounds are highly toxic and are harmful to plants and
humans. It reduces plant growth by reducing seed germination
[3], root length, and dry weight. Long-term human exposure to Be
could cause many health problems, including granulomatous chronic
Be disease, serious lung effects, and even carcinogenic risk [4]. The
interaction between Be and the human immune system leads to
hypersensitivity reactions with different clinical symptoms: allergic
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immune reaction (Be sensitization), acute Be disease (ABD), and
chronic Be disease (CBD) [5].

The main treatment methods for Be are the biological, precipi-
tation, and adsorption methods. The materials commonly used in
biological methods include activated sludge [6], chlorella [7], and
bacteria [8], and the results show that the removal rate exceeds 80%.
However, the adsorption capacity of biosorbents is low. The precip-
itation method mainly adjusts the pH to 6.0-9.0 by adding an alka-
line precipitation agent [9-11] to achieve the effect of Be precipitation,
but the alkali precipitator pollutes water. The adsorption method
mainly uses Kaolin zeolite powder [12], activated carbon (AC) [13],
and sodium hydroxide modified rice husk [14] to treat Be-contain-
ing wastewater. Among them, the removal rate of Be from kaolin
zeolite powder exceeds 98%. In contrast, the removal rate of AC and
modified rice husk falls below 60%. Thus, the adsorption effect of
AC on Be is poor. It has been reported that the removal rate of
biomass-derived AC exceeds that of coal-derived AC [15]. To im-
prove the adsorption performance of AC, many scholars have tried
to modify AC. For example, the absorption of Cr by AC from date
press cake [16], the adsorption of phenol by AC prepared from
black wattle bark waste [17], the hydrophobicity of AC improved
[18]. The cation adsorption performance of AC modified by anionic
surfactants-sodium lauryl sulfate (SLS) with anionic surfactant was
significantly improved [19]. Some AC is modified by loading metal
cations, such as Fe [20-22], Al [23], and Cu. For example, magne-
tite-coated Elaeis Guineensis Jacq Shell AC (ACA-Fe;O,) was used
to treat wastewater containing Ni** [20]. Furthermore, Al-ZnLDHS
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composite AC was used to remove nitrate and phosphate [23].

Presently, most studies have shown that the adsorption effect of
AC for Be is poor, and there is no report about the use of agricul-
tural waste lotus leaves to make AC and modified as Be adsorp-
tion adsorbent. In addition, some articles [24,25] have reported that
metal oxide nanoparticles can adsorb beryllium. Thus, this study
uses aluminum nitrate modified lotus leaf activated carbon method
to prepare adsorbent and provides a new idea for treating and dis-
posing solid waste, which benefits environmental protection.

This study aims to explore the potential of extracting AC from
lotus leaf and removing Be from aqueous solution after modifica-
tion. Therefore, herein, AC was prepared under different modifica-
tion conditions. The optimum AC was characterized, and its kinetics
and thermodynamics were discussed.

MATERIALS AND METHODS

1. Materials

The materials include analytical pure Ethylenediamine tetraacetic
acid (EDTA), pure sulfuric acid (H,SO,), pure hydrochloric acid
(HCI), pure ammonia water (NH;-H,O), pure sodium hydroxide
(NaOH), nitric acid (HNO), lotus leaf, and Beryllium oxide (BeO)
that were purchased from Sinopharm Chemical Reagent Co., Ltd.

BeO of 0.0694 g was dissolved in 500 mL of deionized water to
obtain 50-mg/L Be** standard solutions.
2. Experimental Design

In this experiment, response surface methodology (RSM) was
adopted. Design-expert 13.0 software was used to Design a three-
factor and three-level response surface experiment with AI’* addi-
tion (X;), adsorbent amount (X,) and initial pH (X;) as indepen-
dent variables and the adsorption rate of Beryllium by Al-AC as
response value, Y;. The experimental coding was shown in Table
1. F-value test was used to explain the coefficients [26]. Analysis of
variance (ANOVA) was used to determine the significance of each
model item. The optimum conditions for Al-AC treatment of beryl-
lium wastewater were determined by regression analysis.
3. Modified AC Preparation

Agricultural waste lotus leaves were collected as the raw mate-
rial, dried, ground using a crusher, and weighed. The biomass ob-
tained was taked 50 g and impregnated with 53 mL nitric acid solu-
tion. First, the lotus leaf powder was ground and dried at 105°C
for reserve. Afterward, 50-g dried lotus leaf powder was added to
53-mL concentrated nitric acid. Next, 50-mL water was added to
the resulting mixture with stirring for 2 h, and then maceration for
15h. The above impregnated and filtered powder was dried at 105 °C
for 24 h, then placed in a tubular resistance furnace and heated up
under N, protection of (flow rate of 100 mL/min) at a heating rate

Table 1. Factor and level of AI-AC

Level
Factor Codes Units
Low High
Initial pH A (X)) - 1 8
AP’ addition B (X,) % 0 0.25
Dosage C(Xy) g/L 0.2 4
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of 5°C/min. Afterward, it underwent a constant temperature acti-
vation at 600 °C for 2 h. After the activation, N, was continuously
passed until the furnace tube temperature was room temperature
to obtain AC primary products. The products were washed using
deionized water until neutrality was obtained. Additionally, the
washed sample was dried at 105 °C to obtain the biochar carrier
AC. The mass of ACis 15g.

AI(NO;); was taked 2.25g and dissolved in 20 mL deionized
water and uniformly added to the lotus leaf biochar using the ultra-
sound-assisted impregnation method. After ultrasonic treatment
for 120 min and drying at 105 °C for 16 h, the powder was roasted
under a nitrogen atmosphere at 600 °C at a heating rate of 5°C/min
and a holding time of 2 h. The mass of AI(NO;), in the catalyst was
15% that of AC. The mass of Al-AC is 15.5g, and the yield was
31%.

4. Characterization

The specific surface area was obtained by the Brunauer-Emmett-
Teller (BET) (Micromertcs ASAP2460, USA) method, and pore
size distribution was obtained by Barrett-Joyner-Halenda (BJH)
method. The surface morphology of the AC modified from lotus
leaf biomass was studied using scanning electron microscopy (SEM)
(Zeiss SGMA 300, Germany). The functional group information
of the AC from lotus leaf biomass was studied using Fourier trans-
form infrared spectroscopy (FTIR, PE FTIR Frontier, USA).

RESULTS AND DISCUSSION

1. Characterization
1-1. FTIR Analysis

Surface oxygen functional groups contribute significantly to ad-
sorption because they act as active sites to capture adsorbents [27].
Boehm provided qualitative and quantitative information on the
oxygen-containing groups on the surface of carbon-based materi-
als. This approach assumes that groups of different acids could be
neutralized by bases of different strengths [28]. The adsorption
capacity of Al-AC depends on the porosity and chemical reactiv-
ity of the surface functional groups. Fig. 1 shows that the hydroxyl
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Fig. 1. FT-IR spectrum of Al-AC.
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and amino groups stretch between 3,100 and 3,500 cm™' [29]. The
band at 1,412cm™" assigned to C-C stretching [29]. The band at
1,034cm™" (phospho-hydrogen) in the raw material spectrum is
characteristic of phosphodiesterase [30]. The peak at 813 cm™ in-
dicated the presence of a C-F, group [31]. The FTIR spectroscopy
shows that several functional groups in Al-AC could combine with
heavy metal ions, especially Be™".
1-2. BET Analysis

The pore distribution curves of AC and Al-AC and the N, ad-
sorption-desorption isotherms are shown in Fig. 2. The adsorption
isotherms before the modification are typical of type (III), whereas
the modified Al-AC is typical of type (II), which is typical of mes-
oporous solids [32]. In the relative pressure range of 0.8-1.0, the N,
adsorption capacity of AC increased rapidly; indicating that no dis-
cernible monolayer was formed on the AC surface. The adsorbate-
adsorbent interaction was relatively weak, and the adsorbed mole-
cules gathered in the most favorable position on the nonporous or
macroporous solid surface. Al-AC increased slowly in the relative
pressure range of 0-1.0, and the unrestricted monolayer-to-multi-
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layer adsorption indicated that the adsorption overlapped with
monolayer coverage and multilayer adsorption results. Before mod-
ification, the specific surface area of AC was 4.3573 m’/g, and the
pore size was mostly medium. Also, the specific surface area of Al-
AC increased to 155.87 m’/g, the total pore volume increased to
0.061 cm’/g, and the pore size of AC is 12.788 nm, and that of Al-
AC is 3.659 nm, mainly because A" is attached to the AC surface
and pores in the soaking process, which leads to the reduction of
pore size and increase of specific surface area [33]. The pore size
reduction shows that the Al was successfully loaded in the AC
pores, indicating that the the preparation process changed the AC
surface structure to a certain extent. The specific surface area and
active adsorption sites of Al-AC increase after treatment, and it has
better adsorption performance [34].
1-3. XRD Analysis

The X-ray diffraction (XRD) analysis results for AC and Al-AC
are displayed in Fig. 3(a). The characteristic peak of C and CaCO;
appear at 20=26.64" and 29.42°, respectively. Compared with AC,
eight characteristic peaks of ALO; were added to Al-AC at 20=

Fig. 2. N, adsorption/desorption analysis results for AC (a) and Al-AC (b).
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Fig. 3. XRD analysis of AI-AC and AC (a), XPS spectra of Al-AC before and after Be sorption (b).
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Table 2. Proportion of elements before and after modification

Sample Element Weight (%)
Al 0.66
N 1.03
AC C 86.10
(e} 12.21
Si 2.85
Al 5.28
N 2.32
Al-AC C 62.13
O 22.15
Si 2.85

11.54°, 20.59°, 22.01° 23.52°, 32.01°, 36.11°, 42.32°, and 43.25°, indi-
cating that the modified carbon contains AlL,O; and Al(OH),. Accord-
ing to the preparation process of the Al-AC combined modified
carbon, it was speculated that the following chemical reactions oc-
curred during Al modification supported by AC: first, AI'* and
AI(NO;), were loaded on the AC. Second, Al,O, and Al(OH), were
obtained by roasting at high temperatures [32].
1-4. XPS Analysis

XPS was used to investigate the mechanism of AC adsorption.
Table 2 shows EDS analysis of AC and Al-AC. Fig. 3(b) shows the
XPS analysis of AC and Al-AC. According to Fig. 3(b) and Table
2, the elemental composition of the Al-AC surface is 62.13% C,
5.28% Al, 22.15% O, 2.32% Si, and 2.85% N. Compared with AC,
the proportion of Al and O elements increases, indicating that the
surface of activated carbon is loaded with alumina, which is con-
sistent with XRD results. The increased concentration of Al, N, and
Ca atoms in Al-AC indicates that AI(NO,), successtully modified
AC to analyze XPS peaked corresponding to O, Ca*, and AI"* with
high resolution. After adsorption, O increased significantly; indicat-
ing the precipitation mechanism [35]. Also, Ca™ and AI'* decreased
indicated an ion-exchange mechanism. The binding energy of N

was not reduced, indicating that Be did not react with the N groups
or that Be insignificantly complexed with NH; and N [36].
2. Adsorption Studies
2-1. Surface Correspondence Analysis

The Design Expert 13.0.0 software (Stat-ease, Inc., Minneapolis,
USA) was used to calculate the impact of each factor and its inter-
action. Eq. (1) shows that beryllium removal efficiency (Y) is a func-
tion of initial pH (X,), AI'* loading capacity (X,), and adsorbent
amount (X;).

Y=—32.12889+25.86004*X,+218.34624*X,+13.37767*X,
+8.68909*X, *X,+0.766738* X, *X,— 1447372* X, *X,
—2.01350*X7—710.36489* X2~ 2.60925* X2 (1)

F-value test was used to statistically judge the significance of each
item in polynomial Formula (1), and variance analysis was con-
ducted for the response surface quadratic model, as shown in Table
3. Table 3 shows that the F-value of this model is 93.64, the proba-
bility value is meager (<0.0001), and the determinant coefficient (R”)
value is 0.9917. The model interpretation shows that only 0.83% of
the change response cannot be explained by the model, indicating
that the fit is good enough [26].

Table 3 shows the significance, F-value and p-value of each co-
efficient. The more significant F-value is, the smaller p value is, and
the more significant the corresponding coefficient is [37]. P-value
less than 0.05 and 0.01 were statistically significant [38]. According
to the established model (Formula 1), the interaction effects of ini-
tial pH (X,), AI’* loading capacity (X,) and adsorbent dosage (X)
and their response surfaces are shown in Fig. 1(a)-(c), respectively.
Fig. 4 shows that the beryllium removal rate increases with the in-
crease of pH and adsorbent dosage.

2-2. Effect of Al Ion Addition

The optimum adsorption conditions were selected by studying
the adsorption effect of different ion additions on the modified AC.
The additive amount of AI(NO,); is 5%, 10%, 15%, 20%, and 25%
of the mass of AC, respectively. Fig. 5(a) shows that the effect was
the best when the load metal content was 15%, whereas the adsorp-

Table 3. Analysis of variance (ANOVA) for the fitted quadratic polynomial model for optimization of AI-AC

Source Sum of squares Degree of freedom Mean square F value p Value
Model 19,334.16 9 2,148.24 93.23 <0.0001
Initial pH (X;) 10,582.02 1 10,582.02 459.22 <0.0001
A" addition (X,) 208.44 1 208.44 9.05 0.0197
Dosage (X;) 63.55 1 63.55 2.76 0.1407
XX, 63.93 1 63.93 2.77 0.1397
X X3 74.18 1 74.18 322 0.1159
XX 31.05 1 31.05 1.37 0.2806
X; 1,555.01 1 1,555.01 67.48 <0.0001
X 466.06 1 466.06 20.23 0.0028
X; 108.15 1 108.15 4.69 0.0670
Residual 23.04 7 23.04

Lack of fit 53.74 3 53.74 2,651.25 <0.0001
Pure error 0.0203 4 0.0203

Cor total 0.0811 16

S 0.9917

January, 2023
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Fig. 5. Effect of Al Ion addition (a), effect of different amount of activated carbon on adsorption of Beryllium (b).

tion effect changed slightly when the load metal content reached
20% and 25%, indicating that the load metal content was saturated.
When the loading amount was high, the adsorption capacity of the

adsorbent changed insignificantly, indicating that the active site
was occupied by loaded Al ions or intermediates, resulting in a

slight change in the adsorption effect [39].

Korean J. Chem. Eng.(Vol. 40, No. 1)
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2-3. Effect of Biochar Dose on Adsorption

Under the condition of pH=6.0, the optimal amount of adsor-
bent was observed. A positive correlation exists between the amount
of adsorbent and the adsorption effect (Fig. 5(b)). When the amount
of adsorbent was 3 g/L, the removal rate exceeded 99%, the amount
of adsorbent was negatively correlated with adsorption capacity
and positively correlated with removal rate. Further increase in the
adsorbent mass contributes slightly to the adsorption efficiency. The
adsorption amount of Be was negatively related to the adsorption
efficiency, which was due to the increase in the degree of unsatura-
tion of the AC adsorption sites [36]. Therefore, the adsorbent dosage
of 3 g/L was selected as optimum for further experiments.
2-4. Effect of Solution pH on Metal Adsorption

In the liquid phase, the pH is important for effective adsorbate-
adsorbent interaction [28]. To explore the influence of different pH
values on the adsorption performance, the effect of adsorbent on
Be adsorption between pH=1.0-8.0 was analyzed under the con-
ditions of an adsorbent dosage of 4-g/L, temperature of 25 °C, and
initial Be concentration of 15 mg/L. The change in pH altered the
physicochemical properties of the adsorbate and the physicochemi-
cal properties of the adsorbents. The Be(OH), precipitation occurred
when Be was between pH=6.5-10.0, which affected the removal
rate of Be. The existing forms of its ions are shown in Table 4 [9].
Fig. 6(a) shows that Be began precipitating when the pH exceeded
6.0. When pH=1.0-6.0, the adsorption effect increased as the pH
increased, and when the pH=6.0-8.0, the adsorption effect decreased
as the pH increased and culminated at pH=6.0. The functional
groups involved in the reaction may affect the adsorption efficiency
The infrared spectral analysis showed that Al-AC had various func-
tional groups, such as carboxyl, hydroxyl, and amine groups, most
of which could produce a complex reaction with Be [36]. Under

Table 4. Equilibrium relationship between beryllium complexes

neutral and alkaline conditions, beryllium and carbonate ions will
form Be,(OH),CO; precipitation [40]. Additionally, at a low pH value,
H" occupies the most active sites on the AC surface, resulting in
electrical repulsion and reduced Be ion adsorption capacity [29].

To establish a reasonable adsorption mechanism, adsorption
experiments were conducted, and the Zeta potential of Al-AC was
measured at different pH values (Fig. 6(b)). The Zeta potential of
Al-AC (Fig. 6(b)) indicates that there are many negative charges
on the surface of the Al-AC particles within the pH range studied,
and the surface charges increase as the pH increases. As the solu-
tion pH increases, the AC surface develops a negative charge due
to the successive deprotonation of the positively charged groups on
the surface [30], and the surface negative charge density increases.
Thus, the electrostatic attraction is generated between the negative
charge site of AI-AC and the Be compound. Due to electrostatic
surface interaction, the adsorption of Be compounds on Al-AC
increases as the solution pH increases.
2-5. Effect of Coexistent Metal Ions

Several metal cations exist in industrial wastewater, such as Al
Fe™', Fe**, Cu’', Mn™, and Zn*". These metal ions may affect the
adsorption effect. To explore the effect of metal cations on the ad-
sorption capacity of Al-AC, the effects of different concentrations
of metal ions (Fe**, Fe’*, Cu*, Mn®", and Zn** concentrations of
10 to 40 mg/L) on the adsorption of Al-AC were investigated. Fig.
7 shows that the increase in Cu™ concentration inhibits the ad-
sorption effect of Al-AC. When the Cu’* concentration was 40 mg/
L, the adsorption of Be on AC decreased by 30%. The high con-
centration of Cu mainly exists in the form of ions and competes
for the adsorption sites of Be** on the adsorbent [41]. Evidently,
Fe™', Fe™*, Mn™, and Zn"" significantly affected the whole adsorp-
tion process, and the removal effect exceeded 99%. The addition of

Number Balance equation Balance coefficient

1 Be(OH),(s)+OH =HBeO +H,0 3.2x107

2 Be(OH),(s)+20H =BeO; +2H,0 2.0x107°

3 Be(OH),(s)+2H"=Be** +2H,0 7.3x10°
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Fig. 6. Effect of different pH (a) and Zeta potentials (b) of the activated carbons.
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Table 5. Kinetic models and adsorption isotherm models equations

Fig. 7. Sorption of beryllium and coexistent metal jionsin binary metal

systems.

Fe’* and Fe™* significantly improved the adsorption effect of Be be-
cause the Fe(OH); colloid coprecipitated with Be at pH=6.0. The
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results agree with the results of Sun Fang [39].
2-6. Adsorption Kinetics
Fig. 8 shows that the efficiency of Al-AC adsorption of Be(II) in
the initial stage is very high, and the adsorption amount increases
rapidly. Afterward, the adsorption rate decreased gradually and stabi-
lized. In terms of the order of the rate constants, the kinetic analysis
of the adsorption system is essential for understanding the adsorp-
tion kinetics [28]. At an initial pH=6.0, the kinetic data of the Be(Il)/
Al-AC system was analyzed.The equations are as follows Table 5.
The kinetic pseudo-first-order, pseudo-second-order, and intra-
particle diffusion models were fitted to the experimental data, and
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Fig. 8. Adsorption kinetics model fitting of Al-AC.
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Table 6. Parameters of kinetic models for the adsorption of Be(II) onto AI-AC

Pseudo-first order

Pseudo-second order

Intra-particle diffusion model

T
Qe k, R’ RMSE Qe k, R’ RMSE k, C R’
15°C 9519 1116 097876  0.19265 10135 0203 099423  0.04805 002108 685 09714
25°C 9753 1128 097892  0.20889 10556 0197 099518  0.04773 000679 628  0.9982
35°C 9666 9519 097876  0.19265 10304 0209 099470  0.05076 000637 676 09258

their nonlinear adjustments are shown in Fig. 8. The R® values
(R1=0.97892, R3=0.99518, R3=0.9982) and the residual root-mean
squared error (RMSE) values listed in Table 6 show that the pseudo-
second-order dynamics is more consistent at pH=6.0. Therefore,
the adsorption of Be(I) on Al-AC is a combination of chemical
and physical adsorption. The pseudo-second-order model indi-
cates that the adsorption of Al-AC on Be(II) is mainly controlled
by chemical adsorption, such as surface complexation and min-
eral coprecipitation [47]. The pseudo-second-order model showed
a low desorption rate due to the effective interaction between the
adsorbate and adsorbent [48]. The adsorption efficiency reached
95% at 2h, indicating that there were many free adsorption sites
in the early stage. Each adsorption condition had two linear stages.
The first stage is associated with the transfer of Be(II) molecules
from the liquid to the outer surface of Al-AC. The second stage is
specified as the intra-particle diffusion model, where Be(Il) mole-
cules enter the porous structure of Al-AC [15]. AC and clay min-
erals are widely used to remove target pollutants in actual waste-
water due to their moderate cost and strong adsorption capacity
[49]. Evaluation of the adsorption performance of Al-AC in actual
wastewater would be an important content of future work.

2-7. Adsorption Isotherm

Fig. 9 shows the effect of the initial concentration of Be(II) on
the adsorption capacity of Al-AC. As the primary Be concentration
increases, the adsorption amount of Be increases because the ad-
sorption of Al-AC relates to the amount of Be. At a high Be con-
centration, the adsorption driving force of Al-AC increases; thus,
the adsorption capacity increases [43].

The isotherm model can illustrate the adsorbate-adsorbent inter-
action [28]. The experimental equilibrium data of Be(II) adsorp-
tion at pH=6.0 were analyzed by the Langmuir, Freundlich, and
Temkin models. The equations are as follows Table 5. Fig. 9 shows
their nonlinear fittings, indicating the three kinds of adsorption iso-
therms of AI-AC. Table 7 shows the calculation parameters of the
three isotherms. The Langmuir isotherm (R,=0.989) was more con-
sistent with the experimental data than the Freundlich (R,=0.930)
and Temkin (R,=0.939) isotherms, indicating that the Langmuir
isotherm better describes the adsorption behavior of Be by AlI-AC.

T ]
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® 35C
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Fig. 9. Adsorption isotherms fitting of Al-AC.

The Langmuir equation applies to the homogeneous adsorption
system, and the adsorption process is the monolayer adsorption, in
which the adsorption of each adsorbent molecule had equal acti-
vated adsorption energy [53]. The Temkin model predicts that the
heat of adsorption changes linearly, rather than logarithmically, as
the adsorbent is covered [28]. Table 7 shows that the R* value of
the Temkin model is 0.939, indicating that the model was relatively
consistent with the experimental data. A Temkin constant (b,) of
<1.0 indicates that within the studied concentration range, the ad-
sorption reaction of AI-AC on Be is endothermic [54], suggesting
that mainly a chemical bond synthesis reaction occurred on the
Al-AC surface. In the Freundlich model, the 1/n; values at differ-
ent temperatures were all <1.0, indicating that adsorption was fea-
sible [55,56]. Overall, Al-AC showed a maximum monolayer ad-
sorption capacity of 34 mg/g, which is excellent compared to sev-
eral biological substrates and adsorbents used to adsorb Be(II)
(Table 8).
2-8. Adsorption Thermodynamics

Adsorption thermodynamics is helpful to understand the ad-

Table 7. Parameters of isotherm models for the adsorption of Be(II) onto Al-AC

- Langmuir Freundlich Temkin
K, Q, R? Ky 1/ng R’ a, b, R’
15°C 17.0091 18.152 0.83964 18.152 0.15404 0.93085 1,262.28 0.000786 0.93617
25°C 2.6247 32.860 0.98915 16.116 0.21596 0.81609 53.0908 0.00213 0.8806
35°C 1.89988 29.226 0.92932 19.514 0.20387 0.8642 44.5376 0.00174 0.93934
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Table 8. Comparison of maximum monolayer adsorption and removal rate of Be(II) on various biomass-derived activated carbons

Precursor pH q,, (mg g’l) Removal rate% Reference

Chlorella vulgaris Immobilized 6.5 -- 80 [7]

Bacterial cells 6.0 -- 80 [8]

Chitosan modified zeolite 7-9 0.252 90.1 [50]

Metal oxide nanoparticles 1.0 -- 80 [25]

Modified chitosan resin 1.0 4496 -- [51]

Polystyrene-based chelating 8.0 225 98 [52]

Kaolinite powder 6.0 0.2461 92.36 [12]

Aerobic granule 7.5-8 14 82 [39]

Activated sludge 5.0 0.6849 99 [6]

Al-AC 6.0 32.86 99 This study
sorption mechanism. Eq. (2) can be used to calculate the distribu- 100 ——= 100
tion coefficient K; of Be on Al-AC. - ¢ * e removal rate

_ 9% 80 |- _ Jlso
K= C. ) _ _
In Eq. (2), the units of C, and q, are mg/L and mg/g, respec- £ 60 160 2
tively. Since the unit of K, is L/g, it cannot be directly used to cal- E =
culate AG’, AH’, and AS". K. is obtained by multiplying K by 1,000 g g
. . o 40 4 40 45
[57,58]. The relevant equation is as follows: = 2
o0 [a)
K,=1,000K, ©)
20 420
AG’=—RTInK, @)
AHO ASO 1 1 1 1 1 1
In(K¢g)=— T TR ) — 2 3 1 5 6 .

Thermodynamic parameters, such as AG’, AH’, and AS’, could
provide the theoretical basis for evaluating the change in adsorp-
tion heat [23]. The thermodynamic adsorption parameters of Al-
AC are calculated in Table 8. AG” indicates the spontaneity of the
adsorption process and the reactions involved. AG’ of Al-AC ad-
sorption of Be was <zero, indicating that the adsorption of Be by
Al-AC was mainly chemical, and the experimental process was
spontaneous [52]. AS’ measures the amount of entropy between
atoms. AS’ of the Al-AC-adsorbed Be exceeded zero, indicating
that the disorder degree of the solid-liquid interface increased after
Al-AC adsorbed Be [59]. AH’ determines whether the reaction
absorbs or releases energy [33]. AH’ of the AI-AC adsorption of Be
exceeded zero, indicating an endothermic reaction, consistent with
the adsorption isotherm model. This result further verifies the experi-
mental results that the adsorption capacity of Al-AC increases as
temperature increases.

2-9. Desorption of Be Metal Ion from Al-AC

Different molar concentrations of nitric, sulfuric, hydrochloric
acids, and sodium hydroxide were employed for desorption [50]
and the equations were shown in Table 9. After adsorption, 0.1-g
Al-AC was placed in 25 mL eluent and stirred for 2 h. The elution
efficiency was improved by using 3 M hydrochloric acid and sodium
hydroxide. The experimental results show that Be jons’ effective de-
sorption rate in 3 M hydrochloric acid solution was ~84% within
2h. The desorption efficiency is 87.5% in 10% NaOH solution. As
Al-AC is an alkaline adsorbent, 3 M hydrochloric acid will destroy

Cycle
Fig. 10. Be removal rate and desorption rate of Al-AC.

Table 9. Desorption equations

Equation Reference
(C.de)V
Desorption qede = ~w [60]
1
DE(%)= M [50]
q.ad

its structure in the cycle experiment, resulting in a secondary adsorp-
tion efficiency of only 2%, while 10% sodium hydroxide can desorb
beryllium well and enrich it on the premise of protecting the Al-AC
structure. As shown in Fig. 10, the desorption efficiency increases with
the number of cycles, and the removal rate was above 80% in six
cycles, proving that the Al-AC has excellent cycling performance.
3. Analysis of AI-AC Adsorption Mechanism
3-1. SEM Analysis of Samples Before and After Adsorption

Fig. 11 shows the surface changes after the activation process in
AC and AI-AC SEM images. Fig. 11(d) shows apparent differences
in Al-AC surface topography, and the content of Al in Al-AC in-
creased obviously; indicating that Al was loaded on the AC surface.
Fig. 11(e) shows that many substances accumulate on the AC sur-
face and in the pores after adsorption [17]. Besides, the surface of
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Fig. 11. SEM analysis of (a) (b) before adsorption and adsorption (c) of AC, (d) before adsorption and adsorption (e) of (15% Al-AC) and (f)

before adsorption (25% Al-AC).
10
Initial pH
o 15°CFinal pH
8r (B 35°CFinal pH
T 8 | B = =
Qo
S
g 4 |
2 -
20.72 38.92 64.92 88.02 143.2

Beryllium concentration (mg/L)

Fig. 12. The change of pH before and after carbon adsorption.

the adsorbent appears irregular and porous. Thus, it could be con-
cluded that the adsorbent had sufficient morphology for adsorb-
ing Be™.

Additionally, Al-AC had a rough surface and cavities of differ-
ent sizes, indicating that the porous structure was well developed
due to the nitric acid activation and high-temperature roasting.
The surface pores of Al-AC provided appropriate channels for Be
molecules to enter the carbon structure, mesopores, and micropo-
res and combine with surface functional groups.

3-2. Mechanism

The kinetic and thermodynamic analysis of Al-AC indicated
that the adsorption of Be by Al-AC is complex. The comprehen-
sive adsorption mechanism is shown in Fig. 13, and the adsorp-
tion of Be on the modified carbon is both mainly physical and
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chemical, which manifests in the liquid film diffusion, micropore
diffusion, electrostatic attraction, and ion exchange of Be’* on the
Al-AC surface.

The ionic states of the active functional groups of the adsor-
bents and Be depend mainly on the aqueous solution pH. There-
fore, the solution pH determined the primary mechanism of Be
adsorption on the Al-AC surface. Electrostatic attraction significantly
affected the adsorption of Be(II) cations on the negatively charged
surface of the adsorbent under neutral conditions. Fig. 12 shows
that the solution pH increases before and after adsorption, and the
pH change decreases as the concentration increases, indicating an
alkaline adsorbent and the release of OH™ to coprecipitate with Be.
The influence of ionic strength on the adsorption system shows
that Be ions mainly form covalent bonds with the adsorbent sur-
face under a neutral condition. The effect of the solution pH also
confirmed the ion exchange of Be on Al-AC. The XRD and XPS
analyses, adsorption isotherm model, and desorption test showed
that the adsorption of Be(II) on Al-AC occurs mainly through ion
exchange, electrostatic interaction, and precipitation reaction. Addi-
tionally, the intraparticle diffusion indicated that the adsorption of
Be(Il) on the surface of Al-AC was controlled by membrane diffu-
sion, which confirmed the chemisorption of Be(Il) on the Al-AC
surface.

CONCLUSIONS

The lotus-leaf-derived carbon modified with AI(NO;), had a
higher specific surface area, and the adsorption effect of Be was
significantly enhanced. According to the characterization, the spe-
cific surface area increased from 4.3573 to 155.87 m’/g. The adsorp-
tion kinetics and isotherms showed that the pseudo-second-order
kinetics and Langmuir model could better fit the adsorption pro-
cess of Be by Al-AC in Be(II)/Al-AC AC systems. The optimal ad-
sorption conditions of Al-AC were as follows: pH=6.0, tempera-
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Modified biochar

lon exchang

Fig. 13. AI-AC adsorption mechanism diagram.

ture of 25 °C, 3-g/L adsorbent, and 5-h equilibrium adsorption time.
The maximum adsorption capacity of Al-AC was 32.86 mg/g, and
the maximum adsorption rate was 99%. The adsorption process
of Al-AC was mainly based on chemical adsorption. In addition
to The influence of Cu™ on the adsorption process of beryllium,
all kinds of coexisting ions promote the effect of adsorption. Addi-
tionally, the industrial wastewater treatment pH is neutral, which
is very consistent with the treatment range of Al-AC. Therefore,
Al-AC AC can be considered a potential precursor for producing
AC, with great potential for adsorbing Be from aqueous solutions.
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