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a b s t r a c t
Magnetized biochar (MB) was prepared by co-precipitation-supported Fe3O4 method to investigate 
the adsorption characteristics of Cu2+ in aqueous solution by amphoterically modified MB (MBBS). 
MB was modified by dodecyl dimethyl betaine (BS-12) with modification ratios of 0%, 25%, 50%, 
100%, 150%, and 200% cation exchange capacity (CEC) of MB for preparing MB, MB25BS, MB50BS, 
MB100BS, MB150BS, and MB200BS, respectively. Basic physicochemical properties of different MBBS mate-
rials were analyzed. Isothermal adsorption and thermodynamic characteristics of Cu2+ on different 
MBBSs were studied by batch method, and the effects of pH, temperature, and ionic strength on Cu2+ 
adsorption were compared. Results showed the following. (1) The surface of biochar (B) loaded with 
Fe3O4 became rough, and that of MB modified by BS-12 became smooth gradually. The pH, CEC, 
and specific surface area of all MCBS materials diminished with increased BS-12 modification ratio. 
(2) Adsorption isotherms of Cu2+ on different MBBSs were L-shaped and accorded with Langmuir 
model. The maximum adsorption capacity of MBBSs to Cu2+ ranged from 318.43 to 542.46 mmol/
kg. The adsorption capacity of MB modified by BS-12 for Cu2+ was substantially enhanced com-
pared with MB. (3) In the range of 20°C–40°C, the adsorption amount of Cu2+ on MBBS materials all 
increased with the increase in temperature. The increase in pH was beneficial to the adsorption of 
Cu2+ by various MBBS materials, whereas the increase in ionic strength inhibited the adsorption of 
Cu2+ by various MBBSs. (4) Cu2+ adsorption by MCBSs was a process of spontaneous, endothermic, 
and entropy increase.
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1. Introduction

Heavy metals pollution in water progressively wors-
ens due to the discharge of livestock raising, and industrial 
and agricultural wastewater [1–3], remediation, and treat-
ment of this pollution has become an important concern 
[4–6]. Removal of heavy metal ions from wastewater by 

highly adsorptive materials is a simple, effective, and eco- 
environmental protection method, which bears significance 
for improving water environment and protecting human 
health [7,8].

Biochar (B) has the advantages of large specific surface 
area, strong adsorption capacity, and wide source of raw 
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materials [9,10]. The high-efficiency adsorption of heavy 
metal ions also indicates the good application prospect of 
B [11–14]. Maximum adsorption capacities of green walnut 
peel B for Pb2+ and Cu2+ total 476.19 and 153.85 mg/g, respec-
tively. The increase in temperature enhances the adsorption 
capacity of heavy metals [15], B exhibits a good adsorption 
capacity for various heavy metals [16]. B particles are small 
and can adsorb a large amount of pollutants. If pollutants 
are not separated in time, they would cause secondary pol-
lution to the water body, which is also not conducive to the 
regeneration of B [17]. In recent years, several scholars have 
used co-precipitation method to magnetize B and formed 
magnetized B (MB) with good adsorption, magnetic sepa-
ration, and regeneration properties [18,19]. In a study, the 
removal rates of Cd2+ and Zn2+ in wastewater by MB reached 
50.6% and 49.1%, respectively. After five times of reuse, 
the adsorption rate of pollutants could still reach 76% [20]. 
Several scholars modified MB with chitosan, and the adsorp-
tion effect of the chitosan-modified MB on Cr6+ consider-
ably increased, enabling researchers to further explore the 
adsorption capacity of MB for heavy metals. The maximum 
adsorption capacity of Cr6+ could reach 120 mg/g, which is 
four times that of the original B [21]. MB modified by imi-
nodiacetic acid also exhibited a high adsorption capacity for 
Cd2+ (197.96 mg/g at 323 K) and retained the adsorption rate 
of 82.18% after five recycles [22]. The above results showed 
that the modified MB has stronger adsorption capacity 
and good regeneration performance for heavy metal ions.

An amphoteric surfactant features both positively and 
negatively charged hydrophilic groups and hydrophobic 
carbon chains. Materials modified by amphoteric surfactants 
can simultaneously adsorb organic compounds and heavy 
metal ions. Amphoteric surfactants possess good chemical 
stability, low irritation and toxicity, and environmentally 
feature [23]. Using amphoteric surfactants to modify clay 
minerals can effectively enhance their adsorption capacity 
to heavy metal cations [24]. Meng et al. [25] used dodecyl 
dimethyl betaine (BS-12)-modified Lou soil to adsorb Cd2+, 
and the adsorption amount reached 1.3–1.8 times higher 
than that of unmodified soil. Therefore, secondary modifi-
cation of MB with amphoteric surfactants not only enhances 
adsorption capacity of MB for heavy metals and organic 
pollutant but also achieves environmental friendliness and 
reusability. Currently, limited research considers this aspect. 
In this paper, BS-12 was selected to modify MB at modifi-
cation ratios of 0%, 25%, 50%, 100%, 150%, and 200%. Basic 
physicochemical characteristics of amphoterically modi-
fied MBs (MBBS) were analyzed. Adsorption characteris-
tics of Cu2+ on MB with different amphoteric modification 
ratios were studied. In addition, the effects of temperature, 
pH, and ionic strength on Cu2+ adsorption were discussed 
to provide a theoretical basis for the study of heavy 
metal treatment from wastewater by amphoterictic MB.

2. Materials and methods

2.1. Materials

B, FeCl3·6H2O, and FeSO4·7H2O were purchased from 
Chengdu Kelon Chemical Reagent Factory, Chengdu City, 
Sichuan Province, China.

BS-12, which provided by Xingguang Auxiliary Factory 
(Tianjin City, China), was used as the amphoteric modifier. 
Fig. 1 shows the structural formula of BS-12.

Cu2+ solution was used as the pollutant and prepared 
by using CuSO4·5H2O (analytical reagent) purchased from 
Chengdu Kelon Chemical Reagent Factory.

2.2. Preparation of MBBS

A co-precipitation method was used to prepare MB [26]. 
In this method, 20.00 g B was dispersed in 2.0 L distilled 
water (dH2O) and stirred for 30 min. Under strictly anaer-
obic conditions, 0.4 M FeCl3·6H2O and 0.2 M FeSO4·7H2O 
were successively added to 60°C water, fully stirred for 
2 h, and heated to 75°C. The pH was adjusted to 10 with 
5 mol/L NaOH solution and the magnetic material was 
separated by magnets after continuous stirring for 1 h 
and natural cooling. MB could be obtained after washing 
several times with dH2O. MB was dried at 60°C and then 
passed through a 60-mesh sieve.

A wet process was used to prepare MBBS [6]. In this pro-
cess, 100 g MB was slowly added to 1.0 L dH2O, and dif-
ferent ratios of BS-12, which were calculated in accordance 
with the cation exchange capacity (CEC) of MB, was added 
again. After stirring at 40°C for 3 h, the samples were sepa-
rated by magnets. The MCBSs were washed by dH2O thrice 
and dried at 60°C. MBBSs were dried at 60°C for 12 h and 
passed through a 60-mesh sieve. Next, 0%, 25%, 50%, 100%, 
150%, and 200% CEC BS-12-modified MB were prepared 
and recorded as MB, MB25BS, MB50BS, MB100BS, MB150BS, and 
MB200BS, respectively. The weight of BS-12 for a certain weight 
of MC can be obtained by using Eq. (1).

W m M R
b

= × × × ×−CEC 10 6  (1)

where W (g) refers to the weight of BS-12, m (g) refers the 
weight of MB that will be modified, CEC (mmol/kg) rep-
resents the CEC of MB, M (g/mol) is the molecular mass 
of BS-12, R stands for the modified proportion of BS-12, 
and b specifies the product content of BS-12 (mass fraction).

2.3. Experimental design

2.3.1. Material characterization

B, MB, MB25BS, MB50BS, MB100BS, MB150BS, and MB200BS (seven 
samples in total) were measured for CEC, specific sur-
face area, and pH. Four representative samples of B, MB, 
MB50BS, and MB100BS were analyzed by scanning electron 
microscopy (SEM).

Fig. 1. Structural formula of BS-12.
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2.3.2. Cu2+ concentration gradient

The preliminary experiment showed that the adsorp-
tion isotherm changed when the concentration reached 300–
400 mg/L. Therefore, the concentration gradients of Cu2+ were 
set at 0, 20, 50, 100, 150, 200, 300, 400, and 500 mg/L. Each 
treatment was repeated thrice. The temperature was 30°C, 
the pH was 4, and the ionic strength was 0.1 mol/L NaCl.

2.3.3. Influence of environmental factors

Three single-factor experiments were performed con-
sidering pH, ionic strength, and temperature.

The experimental temperatures were set to 20°C, 30°C, 
and 40°C (pH value of the initial solution: 4; ionic strength: 
0.1 mol/L NaCl). The pH of the initial solution was set to 3, 
4, and 5 (initial solution temperature: 30°C; ionic strength: 
0.1 mol/L NaCl). The ionic strength of the initial solution 
was set to 0.01, 0.1 mol/L and 0.5 mol/L NaCl (initial solution 
temperature: 30°C; pH: 4).

2.4. Experimental method

2.4.1. Analysis of physicochemical properties

The pH was determined by pH meter (Hach HQ411D); 
sodium acetate-ammonium acetate method was used to 
deter mine the CEC of the samples. The specific surface area 
was determined by the Brunauer–Emmett–Teller method 
(Analyzer ASAP2400, Micromeritics Instrument Ltd., Shanghai). 
Hitachi S-4800 (Japan) SEM was used to analyze sample 
morphology.

2.4.2. Cu2+ adsorption experiment

Batch equilibrium method was used for Cu2+ adsorp-
tion. A total of 0.1000 g samples were weighed in nine 
50 mL plastic centrifuge tubes, and 20.00 mL Cu2+ solution 
with different concentration gradients was added into the 
pipette under the conditions of at constant temperature 
of 30°C, 150 r/min, and 12 h oscillation (the preliminary 
kinetic experiments showed that adsorption equilibrium 
was reached after 12 h) [27]. The equilibrium adsorption of 
Cu2+ in the supernatant was determined by centrifugation at 
4,800 r/min for 20 min, the equilibrium adsorption amount 
of Cu2+ was determined, and the equilibrium adsorption 
amount of each material was calculated by subtraction. 
The Cu2+ content was determined via flame atomic absorp-
tion spectrophotometry, and background absorption was 
corrected through the Zeeman effect.

2.5. Data processing

2.5.1. Calculation of equilibrium adsorption amount

The equilibrium adsorption amount was calculated using 
Eq. (2):

q
C C V
m

e=
−( )0  (2)

where C0 (mmol/L) and Ce (mmol/L) are the initial and equi-
librium concentrations of Cu2+ in the solution, respectively. 

V (mL) is the volume of Cu2+ solution added. m (g) is the 
weight of the tested material. q (mmol/kg) is the equilibrium 
adsorption amount of Cu2+ on the tested material.

2.5.2. Fitting of adsorption isotherms

The Langmuir isotherm was selected based on the 
adsorption isotherm trend [28], and the isothermal equation 
(Eq. (3)) is as follows:

q
q bc
bc

m=
+1

 (3)

where q refers to the equilibrium adsorption amount of Cu2+ 
for the test material, mmol/kg; c denotes the equilibrium 
concentration of Cu2+ in the solution, mmol/L; qm indicates 
the maximum adsorption amount of Cu2+ on the differ-
ent materials, mmol/kg; b represents the apparent equilib-
rium constant of the Cu2+ adsorption, which can be used to 
measure the affinity of adsorption.

2.5.3. Calculation of thermodynamic parameters

Parameter b in the Langmuir model is equivalent to the 
apparent adsorption constant of equilibrium constant, and 
the thermodynamic parameter calculated by b = K or Ka is 
called the apparent thermodynamic parameters, Eqs. (4)–(6) 
are as follows [29]:

∆G RT K= − ln  (4)
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∆
∆ ∆S H G
T

=
−  (6)

where ∆G° is the standard free energy change (kJ/mol), 
R is a constant (8.3145 J/mol K), T is the adsorption tempera-
ture (T1 = 293.16 K, T2 = 313.6 K), ∆H° is the enthalpy of 
adsorption process (kJ/mol), and ∆S° is the entropy change 
of adsorption process (J/mol K).

Curve Expert 1.4 fitting software was used in isother-
mal fitting, and SigmaPlot 10.0 software was adopted to 
improve data plotting.

3. Results and discussion

3.1. Physicochemical properties of the tested materials

Analysis of physicochemical properties of the tested 
materials (Table 1) showed that the pH, CEC, and specific 
surface area of MB gradually declined compared with 
those of B. The pH, CEC, and specific surface area of the 
MBBS decreased with the increase in BS-12 modification 
ratio. BS-12 had a carboxyl hydrophilic group and ionized 
hydrogen ions, resulting in a decrease in pH. The cover-
age of the B surface by the long carbon chain of BS-12 was 
the main factor for the decrease in CEC and specific sur-
face area. The SEM image of different materials in Fig. 2 
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shows that the surface of the B material was smooth and 
had a partial pore structure. When the B surface was loaded 
with Fe3O4, the MB surface became rough, a large number 
of Fe3O4 particles adhered to the surface of B, and several 
pores were filled with Fe3O4 particles, these results are the 
same as those of Ren et al. [26]. Compared with MB50BS, 

surface roughness of MB was lower, and particle density 
was higher mainly because the hydrophobic long carbon 
chain of BS-12 could form an organic phase on the surface 
of MB [25], the Fe3O4 particles bonded together, decreasing 
the surface roughness. MB100BS exhibited a lower surface 
roughness and smoother surface than MB50BS, and this find-
ing was due to increased organic modification of BS-12 on 
the surface of MB.

3.2. Isothermal adsorption characteristics of Cu2+ on test materials

Fig. 3 shows that at 30°C, the adsorption amount of 
Cu2+ on each MCBS materials increased with the increase 
in equilibrium concentration and reached saturation. The 
adsorption isotherms were L-shaped. At the same equi-
librium concentration, the adsorption capacity showed a 
trend of MB50BS > MB25BS > MB100BS > MB150BS > MB200BS > B > MB.

Table 2 shows the fitting results of the adsorption iso-
therm via the Langmuir model. The correlation coefficients 
of the fitting results reached an extremely significant level, 
indicating that the adsorption of Cu2+ by different materials 

Table 1
Basic physicochemical characteristics of each test material

Test  
materials

pH  
values

CEC  
(mmol/kg)

Specific surface- 
areas (m2/g)

B 9.15 176.20 1,368.33
MB 8.88 150.34 408.69
MB25BS 8.24 105.32 310.42
MB50BS 8.01 88.27 224.60
MB100BS 7.25 66.21 100.80
MB150BS 7.00 41.37 69.83
MB200BS 6.82 35.20 48.22

Fig. 2. SEM characteristics of B (a), MB (b), MB50BS (c), and MB100BS (d).
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agreed with the Langmuir model. The maximum adsorp-
tion amount (qm) was between 271.25 and 542.46 mmol/kg, 
and the ranking order was consistent with the adsorption 
capacity shown in Fig. 2. Compared with B, MB had a higher 
adsorption amount for Cu2+. The Cu2+ qm of MBBS consider-
ably increased and was 1.10–1.88 times higher than that of 
MB. The adsorption amount of Cu2+ on MBBSs increased ini-
tially and then decreased with the increasing BS-12 modifi-
cation ratio, the adsorption amount of MB50BS for Cu2+ was 
the highest. Compared with the adsorption results of Cd2+ 
on amphoteric modified magnetic bentonites [30], the sec-
ond modification of magnetic materials by BS-12 presented 
a main affinity toward heavy metals. The affinity constant 
b of each material for Cu2+ adsorption was maintained in 
the range of 0.26–0.38, showing consistency.

3.3. Effect of temperature and pH on Cu2+ adsorption

Fig. 4 shows the Cu2+ adsorption amount of all MBBS 
materials under different temperatures. In the range of 

20°C–40°C, the adsorption amount of Cu2+ increased with 
the increase in temperature, which indicated a positive 
temperature effect. The adsorption amount of Cu2+ on 
B increased by 6.76% from 20°C to 40°C, and that of Cu2+ 
by each MBBS material increased by 6.78%–15.41%, The 
increase rate followed the order of MB50BS (15.41%) > MB150BS 
(12.64%) > MB25BS (11.32%) > MB200BS (10.87%) > MB 
(8.20%) > MB100BS (6.78%). This result was mainly due to the 
ion exchange effect on Cu2+ by B, and complexation or chela-
tion of Cu2+ by BS-12. The chemical exhibited an endothermic 
reaction and showed that increasing temperature was bene-
ficial to the Cu2+ adsorption. This finding is consistent with 
Zhou’s research results on Cd2+ adsorption [22].

The adsorption amount of Cu2+ on all materials increased 
in the range of pH 3–5. The adsorption amount of Cu2+ in 

Table 2
Langmuir fitting parameters of Cu2+ adsorption by different 
materials

Test 
materials

Correlation 
coefficients/r

Standard 
deviations/S

qm 
(mmol/kg)

b 
(L/mmol)

B 0.9978** 5.14 289.20 0.33
MB 0.9679** 16.92 271.25 0.26
MB25BS 0.9942** 13.21 457.21 0.35
MB50BS 0.9960** 11.99 542.46 0.29
MB100BS 0.9819** 19.53 409.26 0.29
MB150BS 0.9931** 10.79 323.94 0.38
MB200BS 0.9952** 8.62 318.43 0.35

**indicates significance at the p = 0.01 level (r = 0.765 at p = 0.01 when 
the degrees of freedom f = 8). Fig. 3. Adsorption isotherms of Cu2+ on different materials.

Fig. 4. (a) Temperature and (b) pH effect on Cu2+ adsorption by various materials.
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MB25BS and MB200BS increased by 9.29% and 11.71%, respec-
tively, whereas the increase of 4.33%–5.63% in B and MB 
was mainly due to the competitive adsorption of H+ and 
Cu2+ at low pH. Competitive adsorption gradually weak-
ened with the increase in pH. In addition, the increase in 
pH caused the protonation of the B surface, which enhanced 
the adsorption amount of Cu2+ on different materials.

3.4. Effect of ionic strength on adsorption of Cu2+ on test materials

Table 3 shows that the adsorption amount of Cu2+ 
by each material decreased with the increase in ionic 
strength at the range of 0.01–0.5 mol/L, and the decrease 
ranged from 4.15% to 9.95%. The decrease in ranges fol-
lowed the order MB150BS (9.95%) > MB200BS (9.85%) > MB100BS 
(5.39%) > MB25BS (5.05%) > MB (4.99%) > B (4.76%) > MB50BS 
(4.15%). Under the treatment of I = 0.01 and 0.5 mol/L, the 
amount of Cu2+ adsorbed by each material was considerably 
differed because the increase in ionic strength could reduce 
the activity of Cu2+ in solutions, and Na+ and Cu2+ in back-
ground solution exhibit competitive adsorption on the mate-
rial surface [28].

3.5. Thermodynamic characteristics of Cu2+ adsorption

The thermodynamic parameters of Cu2+ on different 
materials (Table 4) show that the apparent free energy 
changes (ΔG°) of Cu2+ adsorbed by each material were less 

than 0 at 20°C and 40°C, indicating that the adsorption 
was spontaneous. Under the same treatment, Cu2+ adsorp-
tion was more spontaneous at 40°C. The enthalpy change 
∆H° of Cu2+ adsorption of each material was greater than 
zero, indicating that the reaction process was endothermic, 
which is consistent with the temperature effect in Fig. 2. 
The adsorption entropy ∆S° of Cu2+ was larger than zero, 
indicating that the adsorption process was an entropy-add-
ing reaction. The adsorption disorder of MB50BS was the 
largest, indicating that the adsorption of Cu2+ by MB50BS was 
affected by B and BS-12.

4. Conclusion

• The B surface became rough after being loaded by Fe3O4, 
but the roughness of MB decreased after being modified 
by BS-12. The pH, CEC, and specific surface area of MBBSs 
decreased with the increase in BS-12 modification ratio.

• Adsorption isotherms of Cu2+ on all tested materials 
were L-shaped and agreed with the Langmuir model. At 
the same equilibrium concentration, MB50BS showed the 
strongest adsorption capacity for Cu2+ with the maximum 
adsorption capacity of 542.46 mmol/kg.

• The adsorption amount of Cu2+ on each material increased 
with the increase in temperature and pH, but decreased 
with the increasing ionic strength.

• The adsorption of Cu2+ by MBBSs was a spontaneous, 
endothermic and entropy-adding process.

Table 3
Cu2+ adsorption under different ionic strengths

Test  
materials

Adsorption amount of Cu2+ (mmol/kg)

I = 0.01 mol/L I = 0.1 mol/L I = 0.5 mol/L

B 200.24a ± 1.34 197.46a ± 0.65 190.25b ± 0.98
MB 170.11a ± 1.13 167.10ab ± 0.86 162.02b ± 0.79
MB25BS 316.22a ± 1.01 310.70b ± 0.53 300.24c ± 1.02
MB50BS 335.13a ± 0.14 330.55a ± 1.02 321.22b ± 1.06
MB100BS 256.35a ± 0.75 247.74b ± 0.46 242.52b ± 1.33
MB150BS 236.89a ± 0.88 227.23b ± 0.95 213.33c ± 0.79
MB200BS 220.54a ± 0.70 218.76a ± 0.42 198.81b ± 0.34

The different lowercase letters indicate significant difference among treatments at 0.05 levels.

Table 4
Thermodynamic parameters of Cu2+ adsorption on different materials

Test  
materials

20°C 40°C

ΔG°/(kJ/mol) ΔH°/(kJ/mol) ΔS°/[J/(mol K)] ΔG°/(kJ/mol) ΔH°/(kJ/mol) ΔS°/[J/(mol K)]

B –13.97 3.01 57.92 –14.16 3.01 57.92
MB –13.46 2.50 54.44 –13.62 2.50 54.44
MB25BS –14.19 4.09 62.35 –14.45 4.09 62.35
MB50BS –13.64 5.47 65.19 –13.99 5.47 65.19
MB100BS –13.80 2.50 55.60 –13.96 2.50 55.60
MB150BS –14.22 4.54 64.02 –14.51 4.54 64.02
MB200BS –14.07 3.94 61.42 –14.32 3.94 61.42
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