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ABSTRACT

Activated carbon was synthesized from Phragmites australis with phosphoric acid activation and
was used to remove Cd(Il) from aquatic media. The effects of change in preparation conditions
(impregnation rate, activation temperature, activation time) and adsorption conditions(pH, adsorp-
tion temperature, initial concentration and carbon dosage) on the adsorption capacity of Cd(II)
were investigated and optimized by response surface methodology (RSM) based on Box-Behnken
experimental design (BBD). The optimum preparation conditions for the impregnation ratio, activa-
tion time, and activation temperature were 2.3, 100 min, and 510°C, respectively, and the optimum
adsorption capacity was 42.85 mg/g. The optimum adsorption conditions for pH, carbon dosage,
adsorption temperature, and initial concentration were 3.5, 0.05 g, 45°C, and 53 mg/L, respectively,
and the optimum adsorption capacity was 43.55 mg/g. The adsorption experiments and XPS survey
spectra reveal that the Cd(II) adsorption mechanisms, microporous entrapment, cation exchange,
electrostatic attraction, and surface complexation play key roles in Cd(II) removal.

Keywords: Activated carbon (ACs); Phragmites australis (PA); Response surface methodology (RSM);

Cd(II); Optimization

1. Introduction

Trace amounts of cadmium (Cd(IT)) can be accumulated
in food chain and eventually,can become a potential toxic
threat for inhuman beings and environment, so Cd(II) had
been classified as carcinogen according to the US National
Toxicology Program [1-3]. It is necessary to develop effi-
cient methods to remove Cd(Il) from aquatic media to
prevent it from entering the food chain. Cd(II) could be
removed from wastewater by chemical precipitation, elec-
trolysis, ion exchange, membrane and adsorption [4,5].

*Corresponding author.

However, activated carbons are one of the more efficient,
economically favorable (low infrastructure costs) and tech-
nically easy adsorbents, and they have potential adsorption
capabilities in a wide range of fields, including metal ions,
and antibiotics [6-8].

The atomic weight, ionic radius, and hydrated ionic
radius of Cd(II) are 112.41 g/mol, 0.097 nm, and 0.426 nm
[9]. ACs with developed microporous structures and func-
tional groups can effectively remove Cd(Il), and the per-
formance of ACs is related to their preparation conditions.
The preparation conditions for ACs, which could affect
the physiochemical properties, include the following: (1)
impregnation rate, (2) activation temperature, and (3) acti-
vation time [10,11]. For example, ACs prepared with at
lower impregnation ratios, activation temperatures, and
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activation times have lower porosity and specific surface
area, due to insufficient activation and decomposition
reactions between the activator and the carbon precursor.
However, ACs prepared with higher impregnation ratios,
activation temperatures, and activation times have either
larger the pore sizes or no adsorption capacities, due to
excessive activation and decomposition reactions between
the activator and the carbon precursor. Thus, suitable
preparation conditions could improve the physicochemi-
cal properties of the ACs for Cd(II) removal. Adsorption
conditions, such as pH, adsorption temperature, initial
concentration and carbon dosage, can also play important
roles in the removal of Cd(II). For example, the adsorption
capacity of ACs for heavy metal ions was extremely low
under the extreme conditions of high pH, and adsorption
temperature [12]. Therefore, suitable adsorption condi-
tions could greatly increase the adsorption capacity.

Phragmites australis (PA), is a common wetlands grass
plant. PA is suitable as a material for activated carbon
preparation [13]. Phosphoric acid, H,PO,, is an important
activating agent for the preparation of porous carbons from
lignocellulose substances [14].

Response surface methodology (RSM) based on Box-
Behnken experimental design (BBD) can effectively opti-
mize the conditions for preparation and adsorption. RSM
has the advantages of shorter test times, periods, high
precision of the regression equations, and prediction per-
formance, additionally, it can also study the interaction of
multiple factors [15,16]. To the best of our knowledge, there
is no report on optimization preparation and adsorption
conditions simultaneously by RSMs to date.

The aims of this study were to: (1) prepare activated
carbon with phosphoric acid by using RSM; (2) optimize
the adsorption conditions by using RSM; (3) explore the
physicochemical properties of biochar through N, adsorp-
tion/desorption, Fourier transform infrared (FTIR), X-ray
photoelectron spectroscopy (XPS), X-ray diffraction (XRD),
Boehm titration and elemental analysis; and (4) evaluate
the adsorption capacities and explain the adsorption mech-
anism of Cd(II) on ACs.

2. Materials and methods
2.1. Materials

The precursor of the ACs was Phragmites australis (PA)
obtained from Mata Lake Wetland (Shandong, China). The
PA was thoroughly washed with tap water and dried over-
night at 105°C for 24 h, and then cut into pieces of approx-
imately 0.45-1.0 mm (the pieces that can be put into the
crusher are considered qualified). The Cd(II) stock solution
(100 mg/L) was prepared by dissolving 0.2829 g of CdCl,
in 1 L of deionized water, and then appropriately diluting
to the obtain desired concentration for each experiment. All
chemical reagents were of analytical grade in this study and
purchased from Sigma-Aldrich Co. Ltd.

2.2. Preparation method

According to design of the response surface methodol-
ogy (RSM) [17,18]: (1) the impregnation ratio (level: 1, 2, and
3); (2) the activation temperature (level: 400°C, 500°C, and

600°C); and (3) the activation time (level: 60 min, 90 min,
and 120 min) were selected as the factor values, and the
adsorption capacity of Cd(Il) (Q,) was used as the response
value. The mixed samples were obtained by mixing the PA
with phosphoric acid (85 wt.% PPA) at the specific impreg-
nation ratio (g PPA /g precursors) for the preparation of the
ACs. After the samples were stored at room temperature
for 11 h, and then transferred to a muffle furnace (under
N,) for the carbonization of the activated carbon under the
specific conditions chosen for activation temperature and
time. Then the cooled samples were washed several times
with hot deionized water until their pH values (approxi-
mately 7) were steady. Finally, the samples were dried at
105°C for 12h and sifted to 160-200 mesh using standard
sieves (Model 200, China). The sample particles obtained
by this method were used as the ACs.

2.3. Characterization methods

In this study, the surface morphology was analyzed
by Scanning electron microscopy (SEM, JEOL, JSM-6700F,
Japan). The Brunauer-Emmett-Teller (BET) and pore struc-
ture of ACs were determined by N, adsorption/desorption
at 77 K using surface area analyzer (Quantachrome Corpo-
ration, USA). Micropore volume (V, ), micropore surface
area (S, ), total pore volume (V, ) and average pore diame-
ter (D ) were calculated by the method in literatures in the
Supplementary materials [19,20]. Elemental analyses (C, H,
O and N) were measured by using Vario EI IIIl Element Ana-
lyzer (USA). Boehm titration method was used to differen-
tiate and quantify the acidic and basic functional groups on
the activated carbon’ surface [21]. The point of zero charge
(pH,,.) value of the adsorbent will provide a better under-
standing of the effect of pH on adsorption in the Supple-
mentary materials. The surface functional groups of the
activated carbon were also investigated by Fourier trans-
form infrared spectroscopy (FTIR, Fourier-380FTIR, USA)
and X-ray photoelectron spectroscopy XPS (Nico-let-460,
Thermo Fisher, USA) in the Supplementary materials.

2.4. Adsorption experiments

Adsorption experiments used the Box-Behnken design
(BBD). The (1) pH (level: 2, 4, and 6); (2) adsorption tem-
perature (level: 20, 30, and 40°C); (3) initial concentration
(level: 30, 45, and 60 mg/L); and (4) adsorbent dose (level:
0.02, 0.04, and 0.06 mg) were used as the factor values, and
the adsorption capacity of Cd(Il) (Q) was selected as the
response value.

Adsorption kinetic experiments were conducted by add-
ing 1.2 g of the biochar sample to a 2 L Cd(II) solution (C =
30 mg/L, pH = 6.01), and then sampling at scheduled time
until the adsorption equilibrium was reached. Adsorption
isotherm experiments were conducted solution with initial
Cd(II) concentrations varied from 10 to 70 mg/L. The pH
impact experiments on Cd(II) adsorption were evaluated
under the pH range of 2.0-7.0 with an initial Cd(II) concen-
tration of 30 mg/L. The initial pH was adjusted, with the
addition of 0.01 M HCl and NaOH to the desired pH values.

The mixtures of adsorbent and solution were shaken
in air bath shaker (THZ-82) for 48 h under the specific pH,
adsorption temperature, initial concentration and adsor-
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bent dose conditions. Each mixture was filtered through
a membrane filter (0.45 pm) after reaching the adsorption
equilibrium, and the residual Cd(II) concentration was
measured using an ICP-OES analyzer (iCAP6300, Thermo,
USA). The Q. (mg/g) was calculated by Eq. (1):

_(G-C)xV
M

where C and C,is the initial and equilibrium concentrations
of Cd(II) (mg/L); V is the solution volume (L); and M is the
mass of the adsorbent dose (g).

Three-sample t-tests were used to evaluate the signif-
icate difference of each group. The data are the averages
of two or more replicates. The result was considered sta-
tistically significant when p < 0.05 (a level of significance
above 95%).

Qe @

3. Results and discussion
3.1. Optimization of preparation conditions

As shown in Table 1, 17 sets of experimental points were
chosen by using the three factors and the three levels based
on BBD, and 5 sets of the same experimental points (0, 0,
0) were chosen to better estimate the experimental error.
The experimental data were fit using multiple regression
fitting, and then the response surface regression model I
(actual uncoded fitting equation) was acquired, as shown
in Table S1 [22]. As shown in Table S2, the interaction
effects between the factors and response values together
with the model’s statistical analysis were studied by anal-
ysis of variance (ANOVA) [23]. The P values for each factor

Table 1
Response surface analysis program and test results

Number Factors and levels Response
Impregnation Activation  Activation values
ratio temperature time Q (mg/g)

AC-1 2 400 120 31.25

AC-2 1 500 60 10.37

AC-3 1 600 90 22.59

AC-4 3 400 90 30.39

ACS 3 500 120 33.73

Aco 1 400 90 6.50

AC-7 2 500 90 39.29

ACS 2 600 60 26.53

ACY 2 600 120 32.51

AC-10 2 500 90 41.60

AC-11 3 600 90 26.45

AC-12 2 500 90 39.84

AC-13 3 500 60 9.98

AC-14 1 500 90 20.42

AC-15 2 400 60 16.73

AC-16 2 500 90 41.24

AC-17 2 500 90 42.24

were less than 0.01, indicating that the impregnation ratio,
activation temperature and activation time had significant
influence on the response value. The relationship between
the actual and predicted adsorption capacities is shown in
Fig. S1-a.The graph shows that there are tends in the lin-
ear regression fit, and the model adequately explained the
experimental range studied. The corresponding F value of
Model-I was 197.54, with P < 0.001 indicating that Mod-
el-I had a higher confidence level, which could effectively
predict the Cd(II) adsorption process. The R? and Adj R? of
Model-I were 0.9961 and 0.991, respectively, with Adj R*-
Pred R?< 0.2, indicating that the degree of fit the model was
high. The Adeqg-Precision of Model-I was 39.54, which was
greater than 4, meaning that the reliability of Eq. (1) was
very high. Thus, the model could better predict the adsorp-
tion capacity of Cd(II) [24-26].

The preparation conditions of AC-I, AC-II, and AC-III
were obtained using the regression equation and the prac-
tical application of Design-Expert 8.0.6 software, as shown
in Table 2. The calculated Qs for AC-I, AC-II, and AC-III
are the optimal value, the suboptimal value, and the inter-
mediate value, respectively. The actual average adsorption
capacities of AC-I, AC-II and AC-IIT were 42.65, 41.45 and
31.02 mg/g, respectively. The preparation conditions of
the optimum activated carbon were a 2.3 of impregnation
ratio, 100 min of activation time, and 510°C of activation
temperature.

3.2. Optimization of adsorption conditions

By comparing the optimal adsorption conditions of the
three kinds of carbon, the preparation conditions for the
optimal carbon are again determined. As shown in Table 3,
the study used 87 total sets of batch experiments for AC-I
(29 sets), AC-II (29 sets), and AC-III (29 sets). The equations
for Model-II (for AC-I), Model-III (for AC-II), and Model-IV
(for AC-III) are shown in Table S1. The response surface
parameters of the three models are shown in Table S3. The
values of P (adsorption factors), F (Models), P (Models), R?
(Equations), Adj R? (Equations), the coefficient of variation
(CV%, Equations) [27], and Adeq-Precision (Equations)
and Fig. Slb, Slc and S1d indicate that the experimental
results and the models were reliable. The actual optimal
adsorption conditions of the ACs were X (for AC-I), Y (for
AC-I), and Z (for AC-I), as shown in Table 4. The prepa-
ration conditions for optimum activated carbon were of
impregnation ratio, 100 min of activation time, 510°C of
activation temperature. The optimal adsorption conditions
were a 44°C of temperature, 0.05 g of dose, 3.5 of pH, and
53 mg/Lof C,

Table 2
The preparation conditions for the ACs

Preparation Impregnation Activation Activation Q

conditions ratio time (min) temperature (mg/g)
(°O

AC-T 2.30 100 510 42.85

AC-II 2.30 109 537 4144

AC-III 2.00 120 400 31.02




380 W. Yin et al. / Desalination and Water Treatment 159 (2019) 377-389

Table 3
Response surface analysis program and test results

Number Factors and levels Response Response Response values
Adsorption Adsorbent  pH  Initial values Q, values Q, Q, (mg/g)
temperature dose concentration (mg/g) (mg/g)

1 30 0.02 6 45 2911 28.58 16.17

2 30 0.02 4 30 2747 27.23 20.18

3 20 0.04 6 45 26.53 2597 19.49

4 20 0.04 2 45 32.27 31.66 24.29

5 40 0.02 4 45 37.05 36.42 27.21

6 40 0.04 6 45 32.50 31.72 23.06

7 30 0.04 2 30 25.53 26.05 18.75

8 40 0.06 4 45 40.37 39.53 29.65

9 30 0.04 2 60 38.93 39.24 28.59

10 40 0.04 4 30 30.65 30.02 22.51

11 20 0.06 4 45 36.07 34.24 26.79

12 30 0.04 6 30 22.62 22.49 16.62

13 30 0.02 2 45 3091 30.55 22.71

14 30 0.04 4 45 4591 45.37 33.72

15 30 0.06 2 45 38.76 38.31 26.46

16 20 0.04 4 60 34.50 34.33 25.34

17 30 0.04 4 45 45.53 45.15 3344

18 30 0.06 4 30 28.30 27.84 20.79

19 30 0.02 4 60 35.53 35.62 26.10

20 30 0.06 6 45 28.08 2796 20.62

21 20 0.04 4 30 26.23 26.25 19.26

22 40 0.04 4 60 43.24 43.63 32.27

23 30 0.04 4 45 4596 45.67 33.76

24 30 0.04 4 45 45.05 44.66 33.09

25 20 0.02 4 45 30.18 30.09 22.16

26 30 0.04 6 60 31.10 31.79 22.84

27 40 0.04 2 45 37.65 37.34 27.65

28 30 0.04 4 45 45.57 45.18 33.47

29 30 0.06 4 60 41.65 41.87 30.07

3.3. Physicochemical properties of activated carbons Table 4

The SEM images of the ACs are shown in Fig. 1a, 1b, 1c; ~ The adsorption conditions of the ACs
AC-T and AC-II had much more obvious pores than that of
AC-III, and the surfaces of AC-I and AC-II were also rougher Adsorption Temperature Dose pH C, Q
than those of AC-III. According to the IUPAC classification ~ conditions  (°C) (mg) (mg/L) (mg/g)
[11], the N, adsorption/desorption isotherms followed the AC-I 44 005 35 53 44.57
Type (I) and (IV) curve characteristic of microporous struc-
tures, as shown in Fig. 1d, which demonstrates that both ACI 43 005 35 54 44.56
micropores and mesopores were exist as the pore structures AC-III 45 0.05 35 53 32.69

of the ACs. Table 5 shows that AC-I and AC-II exhibited
higher S,., V., S, ./S,.; and V_ /V,  than that of AC-IIL
The results of the Boehm's titration results, element compo-
sition and pH,,. values of the ACs are presented in Table 6.
AC-III also had a lower content of O, and N as well as basic
and acidic groups than the other ACs (AC-I, AC-II), the result
conforms to the result of pH,, . value (AC-III>AC-II >AC-I).
In summary, the physicochemical properties of AC-I and
AC-II are similar but superior to those of AC-III, because the
preparation conditions for AC-I and AC-II are superior to

those of AC-III. For example, the excessively high impregna-
tion ratio, activation time and activation temperature were
not conducive to the formation of a more developed pore
structure inactivated carbon with partial structure loss from
combustion. The 3D response surface map in Fig. 53 and the
F value of the preparation factors indicate that the order of
influence of the preparation parameters is the impregnation
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Fig. 1. SEM micrographs of the ACs (a) (b) and (c).N, adsorption/desorption isotherms (d).
Table 5
Textural parameters of the ACs
Samples Sper (M*/8) S nic (M°/8) Snic/ Siot () Vin (cm?/g) Viie €°/8) ~ Vii/ Vi (%) D (nm)
ACI 966.34 429.52 4445 0.80 0.28 35.22 3.29
AC-II 961.68 418.20 4349 0.80 0.28 34.69 3.31
AC-III 586.00 148.36 25.32 0.56 0.10 17.18 3.80
Table 6
Boehm’s titration results, element composition and pH,, . values of the ACs
Samples Acidic Basic Total C (@) N H PH,,c
(mmol/g) (mmol/g) (mmol/g) Y% Y% Y% Y%
AC-I 2.03 0.18 2.21 56.04 31.51 044 517 6.05
AC-II 2.01 0.19 2.20 55.78 31.89 044 5.67 6.06
AC-III 1.88 0.18 2.06 66.06 22.39 0.38 8.01 6.13

ratio > activation temperature > activation time [28]; they
explain that different preparation conditions will obtain acti-
vated carbons with different physicochemical properties.

3.4. Adsorption kinetic and adsorption isotherms

As shown in Fig. S4, the pseudo-second-order [29]
and Langmuir equation models [30] fit the experimental
data quite well, indicating that the adsorption of Cd(II) by
activated carbon was both a favorable [31] and chemical

adsorption process [32]. Table S4 and Table S5 show that
the adsorption capacities of AC-I were greater than those of
AC-III, because AC-III had lower microporous proportion
and fewer C-/O-functional groups.

3.5. Effects of pH and ionic strength

The initial pH was adjusted with 0.01 M HCl or NaOH to
achieve the desired pH value. The solution pH affected not
only the number of active sites on the AC-surface, but also
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the existing species distribution of cadmium. The Cd(II) ion
is the predominant species in an aqueous cadmium chlo-
ride solution at pH < 7 [33-35]. Fig. 2a and Fig. 2d show that
the removal efficiency was influenced by the solution pH.
The removal efficiency of AC-I increased significantly with
increasing pH until the removal efficiency or efficiently
gradually stabilized when the pH was approximately
6.0. When the organic groups (hydroxy or carboxyl) were
released with increasing pH, the hydrogen bond was easily
lost, and cation exchange increased the adsorption capac-
ity of Cd(II).The dissociation of acidic functional groups
increases the adsorption capacity of Cd(I) by electrostatic
attraction [36].

As shown in Fig. 2b, the adsorption capacity of AC-I
decreased with increasing ion concentration, because the
NaCl competed with Cd(Il) ions for the adsorption sites
and displaced the Cd(Il) to via electrostatic attraction or
cation exchange.

3.6. Mechanisms of Cd(II) adsorption

The FTIR result of AC-I is shown in Fig. 3. The most
significant peaks of the carbon was in the regions of 3427
cm™ (O-H, carboxyl and phenolgroups), 1627 cm™ (carbox-
ylate), 1384 cm™ (O-H) and 1161 cm™ (C-O) [27,37].

The XPS survey spectra could reveal the different con-
tent of carbon and oxygen on the carbons’ surfaces. The
C1 speaks are shown in Fig. 4, (C-I, C-C/C-H) Sp?* hybrid-
ized graphitized carbon at 284.57 eV; (C-II, C-O) phenolic
hydroxyl, alcoholic hydroxyl and ether group at 285.91 eV;
(C-III, -COOH) carboxylic groups at 288.18 eV; (C-1V) n-n*
transitions at 291.0 eV [38—40]. The major O 1s peak could
be fit to 3 curves from the three groups: O-I (carbonyl and
quinone, -C=0) at 531.04 eV; O-II (hydroxyl, ether, ester and
anhydride groups, C-OH/C-O-C) at 533.08 eV; O-III (car-
boxylic groups, -COOH) at 535.50 eV [41].

According to the area-simulating curve and calcula-
tion of the element area, the contents of each component
are shown in Fig. 4. The decrease of the C-1I, C-III, O-1I
and O-III group content of AC-Cd reflected that the lone
pair of electrons from O atoms form complexes with Cd(II)
(hydroxyl-Cd, carboxyl-Cd complex species). The O-con-
taining functional groups play an important role in the

W. Yin et al. / Desalination and Water Treatment 159 (2019) 377-389

Cd(II) adsorption process according to the following equa-
tions [13]:

R-COOH + OH" «+» R-COO~+ H,0 7)
R-OH + OH <> R-O"+ H,O 8)
R-O+ Cd(IDX > R-O-M(IDX €]
R-COO- + CA(ID)X <> R-COO-M(IDX (10)

where R and Cd(I)X represent special molecules and Cd(II)
species, respectively.

In conclusion, adsorption experiments and XPS survey
spectra revealed the Cd(II) adsorption mechanism. In addi-
tion to the microporous entrapment played a role due to
the smaller size of Cd(II) ion. The cation exchange between
Cd(II) and hydrogen bond, electrostatic attraction between
Cd(II) and oxygen-containing functional group, surface
complexation between Cd(Il) and O atoms from deproton-
ated groups (Hydroxyl, carboxyl and other groups).
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Fig. 3. FTIR spectra of ACs.
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Fig. 4. XPS spectra for carbons before and after Cd (II) adsorption: C 1s (a), (b), and O 1s (c), (d).

Table 7

Comparison of maximum Cd(II) adsorption capacities by
various adsorbents

Carbon precursor Q,..mg/g) References
Commercial GAC 8.21 [42]
Trapanatans husks 33.80 [43]
Phragmites australis 40.65 [44]
Lotus stalk 39.34 [45]
AC-I 42.85 This work
AC-IT 4144 This work
AC-III 31.02 This work

The comparison of the maximum Cd(II) adsorption
capacities (Q, -Cd(Il)) of the ACs with other activated
carbon derived from other carbon precursors by different
modifying methods in Table 7. Generally, AC-III had higher
Q -Cd(II) than other adsorbents, which shown that AC

max

prepared in this experiment could effectively remove Cd(II).

4. Conclusion

In this study, the effects of the preparation and adsorp-
tion conditions on the adsorption capacity of Cd(II) were
investigated and optimized by response surface method-
ology (RSM). The preparation conditions of the optimum

activated carbon were an impregnation ratio, activation
time, activation temperature and adsorption capacity of
2.27,99.93 min, 510.12°C, and 42.85 mg/g, respectively. The
optimized adsorption conditions were: pH, carbon dosage,
adsorption temperature, initial concentration and adsorp-
tion capacity of 3.51, 0.05 g, 44.57°C, 53.23 mg/L, and 43.55
mg/g. The adsorption mechanism is mainly attributed to
microporous entrapment, cation exchange, electrostatic
attraction, and surface complexation.
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Supplementary material
Calculation of parameters for adsorbent pores

Pore size distribution was determined by the Density
Functional Theory (DFT) method. Micropore volume (V, ),
micropore surface area (S, ,) and external surface area (S, )
were calculated using the t-plot method. The total pore vol-
ume (V) was deduced from the manufacturer’s software
by the B,I[H theory.

FTIR

The FTIR spectra of the carbons were recorded from 400
to 4000 cm™ by using a Fourier transform infrared spec-
trometer (Fourier-380FT-IR, USA).

XPS

XPS was used to qualitatively and quantitatively deter-
mine the element and functional groups on/near the car-
bons’ surfaces. All binding energies were referenced to the
C 1s peak at 284.6 eV to correct the surface charging effects.

respectively ethanol sodium sodium hydroxide, sodium
carbonate. Sodium bicarbonate and hydrochloric acid
standard solution, take 25 ml to 100 ml of plug taper bot-
tle, add 0.5 g of water chestnut skin biochar respectively.
Then put the conical flask on the thermostatic oscillator
oscillating at room temperature for 24 h, filtering, and
deionized water will be on the surface of the filter paper
and biochar free alkali into the filtrate With calibration
titration of hydrochloric acid solution, finally to the
introduced four kinds of alkali consumption of standard
solution, calculate the corresponding content of oxygen
containing functional groups

Isoelectric point (PZC)

Preparation of 50 ml, NaCl solution of 0.01 N in 8 100
ml conical flask With sodium bicarbonate and hydrochloric
acid to pH 2 to 12 and then add 0.15 g of water chestnut

Table S2
Results of regression analysis of model-I

Source Sum of Df Mean F P
Boehm titration method squares (SS) squares (MS)

Boehm titration method is a commonly used method Model 220643 9 24516 197.54 < 0.0001
for determination of surface acid oxygen containing A 287.89 128789 23197 <0.0001
functional groups the principle of the method is based on B 150.81 1 150.81 121.52. <0.0001
different intensity of alkali and different oxygen contain- C 67.34 1 6734 5426  0.0002
ing functional groups on the surface of the reaction for  Ap 95.68 1 9568 7709 < 0.0001
qualitative and quantitative analysis, according to the lit- - 100.3 1 1003 8082  <0.0001
erature research think sodium bicarbonate and carboxyl BC 18 2’3 1 18 2’3 14'69 0 0664
sodium carbonate and carboxyl and lactone, sodium ) : ’ :
hydroxide and carboxyl lactone and phenol hydroxyl, A? 896.86 1 896.86 722.64  <0.0001
ethanol and sodium carboxyl lactone base phenolic B 34797 1 34797 280.37 < 0.0001
hydroxyl and carbonyl so the corresponding content (2 64.67 1 64.67 5211  0.0002
of oxygen containing functional groups can be calcu-  pigiqual 869 7 104
lated according to the quantity of consumption of alkali .

L . . ) . Lack of Fit 2.59 3 0.86 0.57 0.6663
specific operation is as follows: preparation of 0.1 N
Table S1
Equation of models
Model Equation
Model-I Y =-300.60316 +72.41130 x A + 2.12866 x B+ 0.60719 + 0.22144 x A x B—0.050 3)
75AxC—7.11667 x 10 x Bx C —15.18987 x A2 —0.011351 x B> — 4.13982 x 10~* x C?
Model-II Y =+45.60+3.05x A+8.28 x B—2.60xC+521xD—-0.88x AxB+0.15x AxC +1.0 4)
8XAXD-287xBxC+1.64xBxD-123xCxD—-4.61xA>-11.45xB*-8.77 x C*> =7.30 x D?
Model-III Y =-172.92520 + 2.89859 x A +2811.22825x B+19.96614 x C +2.6787 x D~ 1.8 ®)
0999 x AxB+9.21781x10-3x Ax D —66.93914 x Bx C + 5.90666 x Bx D —0.03
2451 C x D —0.049007 x A% —2.14817 x C? — 0.030017 x D>
Model-IV Y =-129.59371+1.88516 x A +2287.50924 x B +14.23458 x C + 2.08689 x D — 3. (6)

62069x AxB+2.625x10-3x AxC+6.13333x10-3x Ax D —1.02586 x Bx C
+3.30345 x Bx D —0.030167 x C x D — 0.030205 x A —1.76856 x C2 —0.022513 x D?
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Fig. S1. The linear plot between the predicted values of the model and the experimental values under the corresponding conditions.

Table S3
Results of regression analysis of model II, III, IV
Source Model-II Model-III Model-1V

SS Df MS F p SS Df MS F p SS Df MS F p
Model 1406.78 14 100.48 518.66 <0.0001 1393.94 14 99.57 77224  <0.0001 81646 14 58.32 7772 < 0.0001
D 10767 1 107.67 55573 <0.0001 10718 1 10718 831.32 <0.0001 53.39 1 5339 7115 <0.0001
E 17757 1 17757 916,55 <0.0001 17529 1 17529 1359.53 <0.0001 131.59 1 131.59 17536 < 0.0001
F 7855 1 7855 40546 <0.0001 82.29 1 8229 63821 <0.0001 70.62 1 7062 9411 < 0.0001
G 31478 1 314.78 1624.74 <0.0001 338.64 1 338.64 262648 <0.0001 17126 1 171.26 22823 <0.0001
DE 186 1 186 958 0.0079  0.32 1 032 2.46 01394 127 1 127 1.69 0.2148
DF 0.087 1 0.087 045 0.5133 1.14E-03 1 1.14E-03 8.87E-03 0.9263 1.10E-02 1 1.10E-02 0.015 0.9052
DG 466 1 466 2404 0.0002 765 1 765 59.31 < 0.0001 3.39 1 339 4.51 0.052
EF 1989 1 1989 102.67 <0.0001 17.33 1 1733 134.38 < 0.0001 4.07E-03 1 4.07E-03 5.42E-03 0.9423
EG 651 1 651 3361 <0.0001 7.59 1 759 58.85  <0.0001 2.37 1 237 3.16 0.097
FG 606 1 606 3128 <0.0001 3.79 1 379 29.4 <0.0001 3.28 1 328 4.37 0.0554
D? 13812 1 13812 712.89 <0.0001 155.78 1 15578 120824 <0.0001 59.18 1 5918 78.86  <0.0001
E? 20046 1 200.46 1034.69 <0.0001 210.1 1 2101 1629.53 <0.0001 148.01 1 14801 19724  <0.0001
F? 49911 1 49911 257617 <0.0001 47892 1 47892 371448 <0.0001 324.62 1 324.62 4326 < 0.0001
G? 345.63 1 34563 178399 <0.0001 29588 1 29588 2294.83 <0.0001 16644 1 16644 2218 < 0.0001
Residual 2.71 14 019 1.81 14 013 10.51 14 0.75
Lackof Fit 218 10 0.22 163 0.3373  1.26 10 0.13 0.94 0.5788  10.22 10 1.02 14.16 0.0105
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skin biochar respectively, put the conical flask on the ther-
mostatic oscillator oscillating 2 h at room temperature, let
stand for 24 h, the solution of the pH is measured by pH
meter in the abscissa denotes the original pH, the reaction

Table S4
Parameters of kinetics models and intra-particle diffusion
model for the sorption of Cd(II) onto the carbons

Kinetic models parameters AC-III AC-I

Pseudo-first-order K, (1/min) 0.1475 0.9641
Q. (mg/g) 12.04 26.58
R? 0.9413 0.9622

Pseudo-second-order K, (g/(mg min)) 0.1396 0.1422
Q. (mg/g) 20.29 26.25
R? 0.9963 0.9976
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Fig. S3. Adsorption isotherms of carbons fitted by Langmuir
model (solid lines) and Freundlich model (dash lines).
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and activation temperature; (c) activation time and activation temperature.
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Table S5

Langmuir and Freundlich isotherm constants for Cd(II)

adsorption onto carbons

Model parameters ACHII ACI

Langmuir Q, (mg/g) 17.828 50.437
K, (L/mg) 23.8 38.3
R? 0.9924 0.9948

Freundlich K, ((mg/g)/(L/mg)"™) 1.006 4.288
1/n 0.5718 0.528
R? 0.9915 0.9836

after pH as ordinate plot After the initial pH and reaction
pH as the abscissa value equal to the corresponding water

chestnut skin biochar isoelectric point.

Fig. S4. Adsorption kinetics fitted by pseudo-first order (solid
lines) and pseudo-second-order models (solid lines).



