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a b s t r a c t
In this paper, a facile co-precipitation method was used to prepare magnetic alkali-modified tea 
composites (MAT), and the low-cost adsorbent showed high adsorption performance for methylene 
blue (MB) in the aqueous solution. These adsorption experiments were carried out under different 
conditions, such as initial concentration, pH, MAT dosage, and temperature. The results showed that 
the adsorption capacity of MAT can reach 112.94 mg g−1, which was higher than other biomaterials. 
The experiments of adsorption were designed by Design Expert Software and the optimal adsorption 
conditions were analyzed by ANOVA. The adsorption processes fitted the Langmuir isotherms well, 
and the pseudo-second-order equation was the best model to describe the adsorption behavior. 
It was potential material for the adsorption of MB.
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1. Introduction

The issue of dye pollution, mainly derived from textile, 
paper, plastic, food, cosmetics, and paint industries, must 
urgently be resolved and has aroused growing worldwide 
attention [1,2]. Methylene blue (MB) is one of the most 
widely used organic dyes, which is not only causing envi-
ronmental pollution but also extremely harmful to human 
health due to its toxic, carcinogenic, and mutagenic prop-
erties, such as irritation of mouth, throat and stomach with 
symptoms of nausea and vomiting, diarrhea, delirium, 
and other symptoms.[3–5]. At present, various methods 
have been used to remove MB from wastewater, including 
adsorption separation [6,7], advanced oxidation process 
[8], membrane separation [9], and photolysis [10]. Among 
these operations, the adsorption method possesses a great 
promise for applications in wastewater treatment because 
of its ease of operation, simplicity of design, high efficiency, 

low cost, and advantages in large-scale applications 
[11,12]. And many adsorbents with high adsorption capac-
ities, including nanoporous carbon [13], organic-inorganic 
hybrid materials [14], and metal-organic frameworks [15], 
have been developed to deal with environmental pollu-
tion. However, the practical applications of adsorbents 
are greatly restricted due to their inherent defects, such as 
complex synthesis process and operation process, expen-
sive cost, and nonbiodegradability [16,17]. It is necessary 
to develop high efficiency, low cost, and practical sorbents 
to tackle the above defects. Recently, natural biomass materi-
als have attracted attention in wastewater treatment because 
of their low cost, sufficient sources, and biodegradability.

Tea waste (TW) is typical biomass, and its annual con-
sumption is about 2 million tons in China [18]. TW can be 
prepared as a potential adsorbent for the removal of organic 
dyes in water treatments. In order to further improve 
the adsorption capacities of biomass, chemical-activation 
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methods can be used to modify biomass to improve its 
surface area and pore structures. The activating chemical 
reagents include HCl, H3PO4, NaOH, KOH, and metal salts 
[19]. Due to some inevitable defects of biomass materials, 
such as serious losses, few repetitions, and time-consuming, 
magnetic modified biomass materials present an innovative 
type of adsorption. The method contains a dispersion of 
the magnetic adsorbents into the sample solutions, and 
the separation was processed by the magnetic field. A crit-
ical step in this method is to simply separate the magnetic 
adsorbents from the solution without traditional filtra-
tion or centrifugation [20,21]. Thus, combining magnetic 
materials with TW can greatly simplify the operation steps.

Herein, this work reported a facile method to synthesize 
magnetic alkali-modified tea composites (MAT) by a one-
step method. The removal efficiency of MB was evaluated 
by initial concentration, pH, MAT dosage, and temperature. 
Under the optimal experimental conditions, the adsorption 
processes fitted the pseudo-second-order and Langmuir iso-
therm well. The chemical component, structure, and mor-
phology of MAT are systematically characterized with the 
Fourier transform spectroscopy (FTIR), scanning electron 
microscopy (SEM), transmission electron microscopy (TEM), 
X-ray photoelectron spectroscopy (XPS), X-ray diffraction 
(XRD), and Vibrating sample magnetometer (VSM).

2. Experiment

2.1. Materials

TW was purchased from a local market in Zhejiang, 
China. Other chemicals were analytical grade and purchased 
from the Sinopharm Chemical Reagent Co., Ltd., (Shanghai, 
China). All the dilutions were prepared with ultrapure water.

2.2. Preparation of MAT

TW was washed several times with boiled water and 
soaked in 0.1 mol L−1 NaOH for 24 h. Then the alkali 
modified tea (AT) was washed by ultrapure water and dried.

MAT were prepared by a co-precipitation method. 
In brief, AT was dispersed into an aqueous solution con-
taining 2.7 g FeSO4·7H2O and 3.5 g FeCl3·6H2O. Then, 10% 
NaOH was added slowly at 70°C until the pH reached 11. 
After the reaction, MAT was isolated under a magnetic field 
and washed with ultrapure water several times. Finally, 
MAT was dried in a vacuum oven at 60°C for 12 h.

2.3. Characterization

The structural, morphological, and physicochemical 
characteristics of the MAT were determined by different 
analytical methods including FTIR (Nexus 470), SEM (S-4800 
Hitachi, Japan), TEM, XPS, XRD, and VSM (Lakeshore 7410).

2.4. Batch adsorption experiments

MB adsorption was measured through batch exper-
iments in a series of 100 mL flasks. A certain amount of 
MAT was added to 25 mL of MB solution and shaken at 
150 rpm. After adsorption, the residue of MB was mea-
sured by a UV-1700 spectrophotometer (Shimadzu, Japan) 

at 664 nm. The experiments were performed under varying 
initial concentrations (20–400 mg L−1), pH (2.0–10.0), tem-
perature (30°C–50°C), and adsorbent dosages (0.01–0.10 g) 
regarding adsorption kinetics, adsorption isotherm, and 
thermodynamic study. All runs were repeated three times 
for greater accuracy. According to Eq. (1), the equilibrium 
adsorption capacity (mg g−1) of MB was calculated.

q
C C V
m

e=
−( )0  (1)

where C0 (mg L−1) and Ce (mg L−1) are the initial and the 
equilibrium concentrations of MB, respectively. And 
m (g) is the dosage of MAT, V (L) is the volume of solution.

The adsorption isotherm studies were investigated with 
MB initial concentration ranging from 20 to 400 mg L−1. 
The Langmuir (Eq. (2)) and Freundlich (Eq. (3)) isotherm 
models were used for analyzing the data.
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where qm (mg g−1) and KL (L mg−1) are the Langmuir constants 
related to the maximum adsorption capacity and apparent 
heat change, respectively:
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where KF (mg g−1)(dm3 mg−1)1/n is a Freundlich constant 
related to adsorption capacity and 1/n is a Freundlich 
constant related to the adsorption intensity.

The pseudo-first-order and pseudo-second-order 
models were used to describe the kinetics of the adsorption 
of MB by MAT, as listed in Eqs. (4) and (5).
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where qm (mg g−1) is the amount of dye adsorbed per 
unit weight of adsorbent at equilibrium, qe (mg g−1) is the 
amount of dye adsorbed at time t (min) and k1 (min−1), k2 
(g mg−1 min−1) are the rate constants.

The parameters (ΔH°, ΔS°, and ΔG°) of adsorption 
thermodynamics are calculated from the adsorption of MB 
on MAT at various temperatures by the following equations.
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where ΔH° and ΔS° are the enthalpy change (kJ mol−1) and 
entropy change (J K−1 mol−1) during the adsorption process, 
and ΔG° is the Gibbs free energy change (kJ mol−1). R is the 
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gas constant (8.314 J mol−1 K−1). T is the absolute temperature 
(K), and Kd shows the adsorption distribution coefficient.

The pHpzc, defined as the pH for which the surface 
density of positive charges equals that of negative charges, 
was measured by the pH drift method [22]. In brief, 0.6 g 
MAT and 25 mL NaCl solution (0.01 M or 0.1 M) were 
shaken at 150 rpm for 2 h. The initial pH was adjusted by 
0.1 M NaOH or 0.1 M HCl to range from 2 to 12. Then, 
the solutions were shaken again for 24 h, followed by final 
pH measurement (pHf). The pHpzc was obtained where 
pHf was ~7.

3. Results and discussion

3.1. Characterization

3.1.1. SEM and TEM analysis

The SEM and TEM are very useful techniques in 
providing the needed information about the size distribu-
tion and the morphology of synthesized adsorbent nanopar-
ticles. As shown in Fig. 1a, MAT exhibited a rough surface 
with particles attached. The TEM image provides that the 
particles had nanostructure (Fig. 1b) and the dark areas 
were not evenly distributed on the appearance and in the 
pores. According to SEM-EDS (Fig. 1c), a large amount of 
Fe atom was found on MAT, which can demonstrate that 
Fe3O4 NPs have been successfully synthesized.

3.1.2. VSM analysis

The paramagnetic properties of MAT were quantified 
by the VSM. As Fig. 2a showed, the MAT exhibited the typi-
cal behavior of superparamagnetic materials and gives zero 
remanences, and the MS level of MAT was 14.70 emu g−1. 
Its magnetic sensitivity was sufficient for its magnetic 
separation from the solution.

3.1.3. XPS analysis

The MAT composition was further verified through 
the XPS. From Fig. 2b, four peaks originated from Fe, O, 
N, and C elements, respectively, revealing the co-existence 
of these elements in the MAT. Fig. 2c showed the XPS 
high-resolution spectra from 740 to 702.5 eV which con-
tained two well-defined peaks at 725.3 and 711.7 eV 

correspond to Fe 2p1/2 and Fe 2p3/2 in Fe3O4. Fig. 2d 
showed the C 1s spectrum that can be divided into three 
components: (1) C=C (284.8 eV), (2) C–O (286.1 eV), and (3) 
N–C=O (288.0 eV) [23]. Based on an earlier study [24], the 
presence of N–C=O groups was of significance to anchor 
Fe3O4 via the reaction of amino groups with iron ions.

3.1.4. XRD analysis

Fig. S1 shows the XRD pattern of MAT. The diffrac-
tion peaks at 30.1°, 35.5°, 43.1°, 53.6°, 57.1°, and 62.6° cor-
responded to (220), (311), (400), (511), and (440). These 
peaks matched well with the standard PDF cards (99-0073).

3.1.5. FTIR analysis

As seen in Fig. S2, the FTIR spectrum of MAT showed 
the broad and strong band at 3,400 cm−1 because of the 
stretching vibrations of O–H. And the peak at 1,637 cm−1 
was assigned to the stretching vibration of the aromatic ring 
and vibration of N–H [12]. The peaks of 1,544 and 1,066 cm−1 
belonged to the N–H shearing vibration of the amide 
group and the vibration of the C–O. The peak at 580 cm−1 
belonged to the Fe–O bond vibration of Fe3O4.

3.2. Effect of operating conditions on MB adsorption

3.2.1. Effect of solution pH

The effect of the initial solution pH on the removal of 
MB was analyzed over the pH range from 2.0 to 12.0. And 
the pH was adjusted by 0.01 mol L−1 NaOH and 0.01 mol L−1 
HCl solution. MB existed in the aqueous solution in the 
form of positively charged ions [25]. The knowledge of 
pHpzc allows one to hypothesize on the ionization of func-
tional groups and their interaction with species in solution; 
at solution pHs higher than pHpzc, sorbent surface is 
negatively charged and could interact with positive spe-
cies while at pHs lower than pHpzc, solid surface is pos-
itively charged and could interact with negative species. 
From Fig. 3a, the results showed that the pHpzc was ~7.06. 
The adsorption capacity of MB increased significantly 
with increasing the solution pH from 2 to 4 (pHs < pHpzc). 
When the pH was below 4, MAT may acquire a positive 
surface charge because of the protonation of the amino 

Fig. 1. (a) SEM, (b) TEM, and (c) SEM-EDS images of MAT.
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groups, and electrostatic repulsion (main interaction) 
between MAT and MB occurred resulting in the low adsorp-
tion capacity. However, when the pH value was 2, the qe can 
still reach 29.95 mg g−1. The reason may be attributed to the 
π-stacking and hydrogen bonding between adsorbent and 
adsorbate, as there were abundant aromatic rings and phe-
nolic groups on MAT composites. When the pH is in the 
range of 4 to 10, the main interactions of adsorption were 
π-stacking and hydrogen bonding. When pH was higher 
than 10, the surface charge of the composites became neg-
ative because of the deprotonation of the phenolic groups, 
and the adsorption capacity will also get a significant 
improvement due to electrostatic interaction. However, 
the condition of pH > 10 was not used as reference data 
for the following experiments because the magnetic beads 
cannot exist stably under strong alkaline solutions.

3.2.2. Effect of adsorbent dosage

The adsorbent dosage may affect the number of 
adsorption sites and thereby affected the adsorption behav-
iors. Fig. 3b exhibits the adsorption percentage of MB on 
the variation of MAT dosage. It can be observed that the 
adsorption percentage increased with an increasing adsor-
bent dosage. The reason was that there were more available 
adsorption surfaces and sites by adding MAT.

Fig. 3c shows that different initial concentrations on the 
adsorption of MB. The qe (mg g−1) at equilibrium increased 
from 25.0 to 111.1 mg g−1 as the initial concentration was 

increased from 20 to 400 mg L−1. The increasing of initial 
concentration can improve the driving force to overcome 
the mass transfer resistances of MB between the aqueous 
and solid phases. Hence, a suitable initial concentration will 
promote the adsorption process. In general, the optimum 
MAT dosage and initial concentration were found to 
be 0.60 g and 200 mg L−1.

3.2.3. RSM analysis of adsorption

Experiments of removal of MB were designed by the 
Design Expert Software. Different adsorbent dosages (A), 
initial concentrations (B), and pH (C) were given by exper-
imental design and the qe was selected as the response 
(Table S1). All experimental runs are shown in Table S2. 
The results were analyzed by ANOVA (Tables S3 and 
S4) and a mathematical model was formed by Design 
Expert 8.0.6 Trial Program. The fitted equation was pre-
sented as 3D surface plots to visualize the relationship of 
experimental factors and responses.

The p-value was used to evaluate the significance of 
each term by using statistical analysis. The p-value of 
each term was determined and the impact that gives a 
p-value < 0.05 is determined as significant. The ANOVA 
analysis for the proposed model of adsorption was pre-
sented in Tables S3 and S4. The achieved regression equa-
tion of the ANOVA showed that the correlation (R2) for 
the adsorption capacity was 0.9929. And the prediction 
R2 of 0.9683 was in reasonable agreement with the adjusted 

Fig. 2. VSM and XPS characterization of MAT: (a) VSM, (b) Survey, (c) Fe 2p, and (d) C1s.
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R2 of 0.9886. These results showed that the correlation 
between empirical and the calculated values were accept-
able. Although the adsorption capacity with a p-value of 
0.087 means lack of fit, the quadratic model is also reli-
able for the current research. Therefore, the high R2-value, 
remarkable F-value (231.69), insignificant P-value, and 
low PRESS (66.62) illustrate the high dependability of the 
models in predicting the responses. The equation con-
necting the qe-value to coded factors are shown as Eq. (9):

q A B C A
B A C B C

e = − × + × + × − ×
× − × × − × ×
82 38 14 35 7 20 0 77 2 24

0 25 0 16
. . . . .

. .
 (9)

where A, B, and C were adsorbent dose, initial concentration, 
and pH, respectively.

Based on these results, several response surface plots 
of MAT adsorption capacity can be obtained, as shown 
in Fig. 4. From Table S3, only AB was significant of all the 
interaction terms (Fig. 4a). According to these results, it 
determined that the adsorbent dose and initial concentra-
tion were important for the removal of MB by MAT, when 
the pH was higher than 4. Between 0.50–0.70 g of adsorbent 
dose and 180–220 mg L−1 of initial concentration, a plateau 
of q will appear which was in agreement with Fig. 3b and c. 
And from Fig. 4, the interaction terms of AC and BC were 
not significant. But the change of adsorption amount was 
very small which was in agreement with Fig. 3a, when pH > 4.

3.3. Isotherm analysis

There were several equilibrium models, which have 
been used to describe the adsorption isotherm relationship. 
The applicability of the isotherm models to the adsorption 
study was judged by the correlation coefficient. Comparing 
Langmuir (R2 = 0.9890) and Freundlich (R2 = 0.8152) models, 
it was found that the R2 of Langmuir isotherm was higher 
(Fig. 5).

According to Langmuir isotherm, the process was 
monolayer adsorption. The maximum sorption capacity 
(qm, 112.94 mg g−1) can be calculated from Eq. (2), and 
KL was found to be 0.47. And it can be observed that the 
adsorption capacity of MAT was higher than others (Table 1).

3.4. Adsorption kinetics and thermodynamic parameters

In order to examine the rate of the adsorption process by 
kinetic models. In the present work, the pseudo-first-order 

(Eq. (4)) and pseudo-second-order (Eq. (5)) were used to 
analyze the batch studies. Results showed that the pseudo- 
second-order model (R2 = 09951, k2 = 0.0118 g mg−1 min−1) 
provided a better correlation than the pseudo-first-order 
model (R2 = 09818, k1 = 0.8183 min−1). Thus, there may be 
chemical adsorption in the adsorption process.

In addition, between the relationship of Kd and T, a 
non-linear plot can be obtained, as shown in Fig. S3b. ΔH°, 
ΔS° and ΔG° were calculated by Eqs. (6)–(8) (Table 2). 
Adsorption of MB was measured at optimal conditions at 
three temperatures of 303, 318, 323 K. The results showed 
that the capacity of MB adsorption decreased with increas-
ing temperature because increasing the temperature 
inhibited the progress of the exothermic reaction. The neg-
ative Gibbs free energy changes indicate the spontaneity 
of MB adsorption by MAT. Moreover, the negative value 
of entropy changes suggested decreased disorder in the 
solid-solution interface during adsorption.

3.5. Adsorption mechanisms

Firstly, it can be observed that there are amino and phe-
nolic hydroxyl groups on MAT from the XPS and FTIR. The 
results of pH experiments show that the adsorption capac-
ity onto MAT increases significantly with increasing pH. 
According to kinetic data, the adsorption behavior of MB 
on MAT is more consistent with chemical adsorption. These 
phenomena suggest that there is electrostatic interaction 
in the adsorption process. Secondly, when the pH value is 
2, the qe can still reach 29.95 mg g−1. It may involve hydro-
gen bond and π-stacking because of hydroxyl and aromatic 
ring groups on MAT. The possible adsorption mechanism, 
including electrostatic interaction, hydrogen bond, and 
π-stacking, was schematically illustrated in Fig. 6.

3.6. Real samples and stability analysis

The selective adsorption of MB by MAT in practi-
cal applications was studied by using laboratory waste-
water. The wastewater containing 200 mg L−1 MB, NaCl 
(0–50 mg L−1), and rhodamine B (0–50 mg L−1) was 
adjusted to optimal conditions. 0.6 g of adsorbent and 
25 mL of wastewater solution were put into a 50 mL cen-
trifuge tube and react at room temperature for 2 h, then 
separate the solid and liquid. A UV detector was used to 
determine the MB concentration before and after adsorp-
tion. Fig. 7a shows the adsorption results of MAT for MB 

Fig. 3. Effect of (a) pH, (b) adsorbent dosage, and (c) initial concentration on the adsorption of MB on MAT.
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Fig. 4. Response surface plots of MAT adsorption capacity: (a) effect of adsorbent dose versus initial concentration, (b) effect of 
adsorbent dose versus pH, and (c) effect of initial concentration versus pH.

Fig. 5. (a) Kinetics and (b) isotherm models of the adsorption of MB on MAT.
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in wastewater, indicating that MAT has a poor adsorption 
effect on complex wastewater. The stability of the adsorbent 
was studied by repeated adsorption–desorption experi-
ments under optimal conditions. After desorption, MAT 
was regenerated in 0.1 M HCl solution at 30°C for 0.5 h. As 
shown in Fig. 7b, the MAT composites can be used at least 
five times with acceptable reproducibility and repeatability.

4. Conclusions

The results demonstrated that the AT can be used for 
the removal of MB from its aqueous solutions. And the 
modified tea was decorated with magnetic nanoparticles 
so that it can accelerate separation efficiency by magnetic 
fields. Compare the Langmuir to Freundlich models, 
Langmuir can better describe the adsorption behav-
ior of MB on MAT, and also shows that the adsorption 
behavior of MB on MAT is single-layer adsorption. At the 
same time, the theoretical adsorption capacity obtained 
by the Langmuir model (qe = 112.94 mg g−1) is closer to 
the adsorption capacity obtained from the experiment 
(qe = 111.12 mg g−1). The adsorption process conforms to 
the pseudo-second-order model. The removal efficiency 
increases with the increase in pH at 2–4. The MAT not only 

Table 1
Adsorbents comparative study of MB adsorption

Adsorbent Adsorption 
capacity (mg g−1)

Reference

Lotus leaf 221.7 [26]
Waste tea 85.5 [27]
Garlic peel 82.6 [28]
Acid-treated pyrolytic tire char 65.8 [29]
Carbon nanotubes 64.7 [30]
Wheat straw biochar powder 62.5 [31]
Cortaderia selloana flower spikes 47.9 [32]
Freeze–dried agarose gel 10.4 [33]
Defatted algal biomass 7.73 [34]
MAT 112.9 This work

Table 2
Thermodynamic parameters for the adsorption of MB on MAT

T (K) ΔG° (kJ mol−1) ΔH° (kJ mol−1) ΔS° (J mol−1 K−1)

303 –1.19 –17.92 –55.20
318 –0.37
323 –0.09

Fig. 6. Schematic illustration of MB adsorption on MAT.

Fig. 7. (a) Real samples and (b) stability analysis of MAT.
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has higher adsorption but also has shown additional bene-
fits like environmental-friendliness, low cost, and low tox-
icity. Therefore, the adsorbent is expected to be a promising 
advanced adsorbent.
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Table S1
Variables used in the full factorial design with coded and actual values

Factor Units Coded and actual levels

Low (–1) Medium (0) High (+1)

Adsorbent dose (A) g 0.05 0.06 0.07
Initial concentration (B) mg L−1 180 200 220
pH (C) – 4 7 10

Table S2
Experimental design and results by using RSM

Run A B C qe (mg g−1)

1 –1 0 +1 98.72
2 0 0 0 82.22
3 0 +1 –1 89.14
4 0 0 0 82.74
5 0 0 0 82.58
6 +1 0 –1 68.64
7 0 –1 +1 74.24
8 +1 +1 0 71.81
9 0 –1 –1 73.28
10 0 0 0 81.28
11 0 0 0 81.27
12 –1 0 –1 96.43
13 +1 –1 0 63.67
14 +1 0 +1 69.94
15 0 +1 +1 90.74
16 –1 +1 0 105.42
17 –1 –1 0 88.31

Table S3
Results of ANOVA for RSM model (1)

Source Sum of squares df Mean square F-value p-value 
Probe > F

Remarks

Model 2,088.01 6 348.00 231.69 <0.0001 Significant
A 1,647.95 1 1,647.95 1,097.15 <0.0001
B 414.86 1 414.86 276.20 <0.0001
C 4.73 1 4.73 3.15 0.1064
AB 20.12 1 20.12 13.39 0.0044
AC 0.25 1 0.25 0.16 0.6948
BC 0.10 1 0.10 0.068 0.7993
Residual 15.02 10 1.50
Lack of fit 13.04 6 2.17 4.39 0.0870 Insignificant
Pure error 1.98 4 0.50
Cor. total 2,103.03 16

Supplementary information
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Table S4
Results of ANOVA for RSM model (2)

Std. Dev 1.23 R-Square 0.9929

Mean 82.38 Adj. R-Square 0.9886
C.V. % 1.49 Pred. R-Square 0.9683
PRESS 66.62 Adeq. Precision 54.814

Fig. S1. XRD analysis of the MAT.

Fig. S3. Plot of Kd and T (303, 318, and 323 K).

Fig. S2. FTIR spectrum of MAT.
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