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ABSTRACT

The kinetics of Cu(Il) and fulvic acid (FA) adsorption onto biochar has been investigated. The mod-
ified biochar samples derived from rice husks were characterized by scanning electron microscopy
equipped with the energy-dispersive X-ray spectroscope and Fourier transform-infrared spectros-
copy. Some characteristic parameters, such as specific surface area and zeta potential, were also
determined. The optimum condition of Cu(II) adsorption was temperature of 308 K, 2 g L of adsor-
bent dosage and 25 mg L™ of FA concentration. The maximum removal efficiencies of Cu(II) ions
and FA were almost 81% and 94%, respectively. The experimental data for adsorption of Cu(Il) and
FA on modified biochar was fitted by various adsorption kinetic models. The results showed that
the pseudo-second-order equation was the best-suited model. Elovich equation was consistent with
the experimental data suggested chemical interactions between modified biochar and adsorbates.
Also, the intraparticle diffusion model fitted the experimental data well, indicating that the process
of Cu(Il) and FA adsorption was diffusion-controlled. In addition, complexation reactions between
FA and Cu(Il) promoted the adsorption of adsorbates on modified biochar. The relatively high

desorption efficiency proves the strong regeneration capacity of modified biochar.
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1. Introduction

Due to the health risk of humans and animals, heavy
metals pollution has attracted increasing concern. Among
heavy metals, copper is generally considered as one of the
most harmful, hazardous, and toxic environmental pollut-
ants [1]. Copper ingestion in humans may lead to some bad
effects such as hair loss, headache, liver, and kidney dam-
age [2]. Copper ions are discharged from various industries,
including mining, metallurgy, chemical manufacturing,
steel, printing circuit, electroplating, paints, fertilizers, etc.
[3-5]. Some conventional methods are used to remove heavy

* Corresponding author.

metals ions from aqueous solutions, such as chemical pre-
cipitation, ion-exchange, filtration, reverse osmosis, electro-
chemical treatment, membrane separation, adsorption [6-8].

Fulvic acid (FA), a kind of hydrophilic, multi-dispersed,
black-brown organic matter, is one of the important
components of humic substances, which widely exists in sed-
iments, soil, and water [9]. FA has a strong binding affinity
to heavy metals because it contains a variety of active func-
tional groups [10,11]. Adsorption process was emerged as
one of the promising techniques due to its low initial cost,
simplicity of design, ease of operation, and insensitivity to
toxic substances [12]. Activated carbon, having large specific
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surface area, microporous structure, high adsorption capac-
ity, is widely used to remove heavy metals. However, the use
of activated carbon is limited due to its high cost and low
selectivity, which has led many researchers to search for
more economic substitutes [12-17].

Biochar, a vital extrinsic carbonaceous component pro-
duced by incomplete combustion of fossils and biomass, is
considered as a potential adsorbent for pollutants in soils
and sediments [18]. In our previous study, we prepared
black carbon derived from wheat residue and studied the
competitive adsorption of Pb(II), Cu(ll) and Cd(II) ions
[19]. Zhang et al. [20] highlighted the importance of surface
oxygen-containing functional group of biochar derived from
biomass wastes in controlling Cu(II) and Cr(III) adsorption.
Zhou et al. [21] reported the adsorption of Pb, Cd, and Cu
ions under different pyrolysis conditions using the tobacco
stem biochar. The results showed that the main adsorption
mechanism was surface complexation.

However, to our knowledge, in the presence of FA, the
adsorption behavior of Cu(Il) on modified biochar derived
from rice husk has not been investigated. In this study,
the adsorption kinetics of Cu(Il) on modified biochar was
studied, and the effects of reaction temperature, biochar
dosage, and FA concentration on the adsorption kinetics
were also discussed. The adsorption kinetic models of FA
in binary solution by modified biochar were analyzed as
well. In addition, the desorption behaviors of Cu(ll) in sin-
gle and binary (mixed FA with copper ions) solutions were
explored using batch desorption experiments.

2. Materials and methods
2.1. Materials and reagents

Copper nitrate [Cu(NO,),-3H,O], hydrochloric acid
(HCI), potassium hydroxide (KOH), and FA were pur-
chased from Shanghai Aladdin Bio-Chem Technology Co.,
LTD and are of A.R. grade. Biochar samples were prepared
by the carbonization of rick husk for 12 h under 50°C and
the presence of N, conditions. About 10 g of residues col-
lected were treated in 500 mL of 0.1 mol L™ HCI solution to
remove carbonates and other impurities, stirred for 10 min
and soaked for 24 h in a plastic container. The supernatant
was discarded, and the residues were washed with ultra-
pure water several times to pH neutral. Finally, the residues
were dried at 100°C for 12 h in the oven and pass through
100-mesh sieve to obtain rice husk derived modified biochar.

2.2. Characterization

The functional groups of modified biochar samples
used were analyzed using Fourier transform infrared spec-
troscopy (FTIR, Nicolet-iS10, America). The powders were
blended with IR-grade KBr in an agate mortar and pressed
into the table. The surface morphology and elemental com-
position of modified biochar before and after adsorption
were determined using the scanning electron microscope
with energy dispersive X-ray analysis (SEM-EDS, SUPRA-
55, Germany) at 15 ke V.

The Brunauer-Emmett-Teller (BET) specific surface area,
total pore volume, and average pore diameter of biochar
were determined from N, adsorption at 77 K using Specific

Surface and Pore Size Analyzer (3H-2000PM1, China).
The zero point of charge (pH,,,.) of modified biochar was mea-
sured by zeta potential analyzer (Anton Paar, Austria) [22].

2.3. Experimental

The concentration of 500 mg L divalent Cu and FA stock
solutions were prepared from Cu(NQO,),-3H,0 and FA solid,
respectively. The value of initial solution pH was adjusted
with 0.1 mol L™ HCI or 0.05 mol L KOH solution. All
experiments were conducted in duplicate.

The following variables on Cu(II) adsorption kinetics
were studied:

e Effect of reaction temperature: The effect of reaction tem-
perature on the adsorption rate by contacting a fixed
dosage of biochar (2 g L) with fixed initial Cu(Il) ion
concentration (10 mg L™) at initial pH 5.0 using a range
of reaction temperature (288 K, 298 K, and 308 K). The
experiments were performed in a water bath constant
temperature oscillator and rotated shaken at 150 rpm for
given time intervals (5, 10, 20, 40, 60, 90, 120, 210, 300,
390, and 480 min). Finally, solutions of 2 mL aliquots were
passed through 0.22 pm filters to remove biochar parti-
cles, and Cu(ll) ion concentration was determined by
atomic absorption spectrometry (TAS-990, China).

e Effect of adsorbent dosage: The effect of adsorption dosage
on the adsorption rate was studied at 298 K and a range
of adsorbent dosages (2 and 4 g L™).

e Effect of FA concentration: The effect of FA concentra-
tion (0, 2, 5, and 10 mg L) on the adsorption rate was
also studied at 298 K. FA concentration was estimated
using a UV-2000 UV-visible spectrophotometer (Unico
Instrument Co., Ltd, Shanghai) at 254 nm [23]. In order to
clarify the interaction effects between Cu(Il) and FA, the
other three FA concentrations (15, 20, and 25 mg L) were
added and the concentration of Cu(II) was determined by
sampling at equilibrium time.

Desorption tests were conducted after Cu(II) adsorption
equilibrium in single and binary solutions. The experiments
were started with dried modified biochar (0.2 g) previously
loaded with known amounts of Cu(Il) or FA-Cu, and five
different solutions (H,O, 0.1 mol L™ Na,CO,, 0.1 mol L™
HCI, 0.1 mol L™ H,SO,, and 0.1 mol L™ HNO,) were used as
desorption medium. Each experiment was performed with
100 mL of solution for 12 h.

2.4. Calculation

The adsorption capacities of Cu(Il) and FA by modified
biochar adsorbent in aqueous solution was calculated based
on the following Eq. (1):

V(Co_ce)

g =—"—° 1)
m

where g, is the equilibrium adsorption capacity (mg g™);
V is the volume of adsorption solution (L); C; and C, are the
initial and equilibrium concentrations (mg L), respectively;
and m is the mass of modified biochar (g).
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3. Results and discussion
3.1. Characterization of biochar

The scanning electron microscopy equipped with the
energy-dispersive X-ray spectroscope (SEM-EDS) images
of the modified biochar samples before and after contact
with Cu(Il) are showed in Fig. 1. The structure of modified
biochar is obviously irregular and granular. There are some
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small holes on the surface of modified biochar. The EDS
spectrum of the modified biochar before contact with Cu(II)
(Fig. 1e) exhibited distinct peaks of C, O, Ca, Mg, K, and
Si, indicating the presence of these elements in the modi-
fied biochar. After contact with Cu(Il), the spectrum showed
peaks for Cu, which strongly proved that Cu(II) ions were
adsorbed on the surface of modified biochar. The infrared
spectra of the virgin modified biochar, the modified biochar
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Fig. 1. SEM-EDS images [before reaction with Cu(Il) ions: (a) magnification: 100x; (b) magnification: 1000x; after reaction with Cu(II)
ions: (c) magnification: 100x; (d) magnification: 1000x; (e) EDS image of virgin modified biochar; and (f) EDS image of Cu(Il)-loaded
modified biochar].
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loaded with Cu(Il) and the modified biochar loaded with
FA-Cu(Il) are showed in Fig. 2. The most prominent peak
at around 3,425 cm™ was attributed to phenolic hydroxyl
stretching vibration [24]. The band at 1,618; 1,077, and
669 cm™ represented contribution from aromatic C=0
stretching (quinines or conjugated ketone), aliphatic ether
C-O stretching and aliphatic CH, deformation, respectively
[24,25]. Some minor modifications of the IR spectrum were
induced by the adsorption of Cu(II) (see Fig. 2b). A sharper
absorption peak at 1395 cm™ was assuredly assigned to the
C-O stretching of carboxylate anion [26], indicating likely
some interactions between the carboxylate anion (-COO")
and Cu(II). As expected, a decrease of absorption intensi-
ties at 3,425; 1,618; and 1395 cm™ were observed in modi-
fied biochar loaded with FA-Cu(II), which indicated that the
O-H, C=0 and C-O groups were involved in the reaction of
FA with Cu(Il) [27]. Also, Cu(Il) binding with carboxylate
groups on FAs has been demonstrated by NMR and FTIR
analysis [28].

The BET specific surface area of the modified biochar
used is 2.02 m? g™, which is comparable to the pure biochar
obtained from raw cornstalk (2.29 m? g™) [29]. The average
hole diameter and total hole volume of modified biochar
by BET are 15.22 nm and 0.0077 cm? g™'. The zeta potentials
of modified biochar had been measured, and the value of
pH,,. is around 2.0. Higher the pH value, more negative
charges on the modified biochar surface, which suggests
that electrostatic attraction may be one of the adsorption
mechanisms.

3.2. Time profiles of Cu(Il) and FA adsorption

Fig. 3 shows the time profiles of adsorption amounts
of Cu(Il) and FA at various conditions. As showed in
Fig. 3a, at the contact time of 0—40 min, the capacities of Cu(II)
adsorbed increased from 0 to 0.80, 1.40, 1.65 mg g! while at
40-300 min, the amounts of Cu(Il) adsorbed only from 0.80

3425 1618 1077

4000 3500 3000 2500 2000 1500 1000 500
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Fig. 2. Infrared spectra of (a) virgin modified biochar, (b) modi-
fied biochar loaded with Cu(ll), and (c) modified biochar loaded
with FA-Cu(II).

to 1.64, 1.40 to 1.92, and 1.65 to 2.57 mg g™. Similar trends
were observed from Figs. 3b and c. Generally, the amounts
of Cu(Il) adsorbed increased rapidly in the 0-40 min period
and slowly in the 40-300 min reaction period, indicating
Cu(II) adsorption consisted of a multiple rate process. The
multiple rate characteristics of Cu(ll) adsorption may be
related to the heterogeneity of the adsorption sites, which
is believed to result from the different accessibilities of sur-
face pores and sites with different adsorption affinity and
binding strength [30]. While the adsorption of FA on mod-
ified biochar in binary solution can reach equilibrium in a
short time (see Fig. 3d).

3.3. Interaction between Cu(Il) and FA

The result showed that no adsorption of FA on modified
biochar in a single solution. However, FA adsorption was
found in the solution mixed FA with 10 mg L™ Cu(II) ions,
mainly due to that FA belongs to soluble compounds and
some complexation reactions (hydroxyl complexation and
carboxyl complexation) between FA and Cu(II) can lead to
form soluble FA-Cu(Il) complex [31]. The amounts of Cu(II)
ions adsorbed increased with the rising of FA concentration
because FA increases the total adsorption sites in modified
biochar (see Fig. 4). This result is consistent with Wang et
al. [32], who demonstrates FA can increase the adsorp-
tion amounts of Cu(Il) and Zn (II) in soil. The adsorption
amounts of Cu(Il) were 3.43 mg g™ in the mixed solution,
therefore, modified biochar in this study possessed reason-
able adsorption capacity in comparison with other sorbents
(see Table 1) [33-37].

3.4. Kinetic models

In this study, four different kinetic models were described
for Cu(II) and FA adsorption on modified biochar, including
pseudo-first-order, pseudo-second-order, Elovich equation
and intraparticle diffusion model. The goodness of confor-
mity between experimental data the model-predicted values
was expressed by the correlation coefficient (1?). A rela-
tively high #* value for the relationship between measured
and predicted adsorbate adsorption data indicated that the
model successfully described the kinetics. However, a high
2 value for a special adsorption kinetic model does not mean
that this equation is the best.

3.4.1. Pseudo-first-order equation

The pseudo-first-order Eq. (2)equation [38] can be
written as:

ln(qe,l - "7t) = h‘lqm —kt 2

where k; (min™) is the rate constant of pseudo-first-order
equation, ¢,, and g, are amounts of Cu(Il) or FA adsorbed at
equilibrium (mg g™) and time t (mg g™), respectively.

If the adsorption of Cu(Il) ions or FA onto modified
biochar is one site binding mechanism, the pseudo-first-or-
der equation will describe the adsorption process well.
However, the result showed that the correlation between the
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Fig. 3. Influence of various factors including (a) reaction temperature, (b) adsorbent dosage, (c) FA concentration on kinetics of Cu(II)
adsorption onto modified biochar, and (d) influence of initial concentration on kinetics of FA adsorption onto modified biochar in

binary solutions.
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Fig. 4. Effect of different FA concentrations on Cu(II) adsorption
in binary solution.

pseudo-first-order equation and experiment data points was
very poor (data not shown).

3.4.2. Pseudo-second-order equation

The pseudo-second-order Eq. (3) by Ho and McKay [39]
can be expressed as:

t 1 t
+

- 4t 3

q, kzﬂf,z 9e2 ®
where k, (g mg™ min™) is the rate of adsorption of pseudo-
second-order equation, g,, is amounts of Cu(ll) or FA
adsorbed at equilibrium (mg g™).

The results of fitting the experimental data by pseu-
do-second-order equation are shown in Fig. 5 and the
related parameters acquired are summarized in Tables 2
and 3. The high values of > were obtained for both Cu(II)
and FA adsorption, evidencing chemical sorption as rate-lim-
iting step of adsorption mechanism [40]. The g, values by
experiments are in agreement with the ones obtained from
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Fig. 5. (a,b,c) Adsorption of Cu(Il) on biochar and (d) adsorption of FA on biochar in binary solution (the pseudo-second-order
equation).
Table 1
Comparison of adsorption capacity for Cu(Il) with various adsorbents
Adsorbent q,. (mgg? References
Modified biochar 3.43 This study
Walnut hull 3.52 [33]
P.yezoensis Ueda 5.05 [33]
Wheat bran 6.85 [33]
Rice bran 12.41 [33]
Hydrochloric acid-doped PANi 1.28 [34]
Phytic acid-doped PANi 529 [34]
Jarrah biochar 4.39 [35]
Pine biochar 1.47 [35]
Dried marine green macroalga Caulerpa lentillifera 5.57 [36]
Raw carbon material 3.66 [37]

the fitting of pseudo-second-order equation. It can be seen
from model-predicted q,, values that the adsorption amounts
of Cu(Il) increased with the increase of reaction temperature
and FA concentration. It may be that the high temperature
is beneficial to promote the forward reaction [41]. The value

of g,, becomes smaller when adsorbent dose changes from
2 to 4 g L7, but the removal efficiency of Cu(II) is increased,
which seems as the adsorption sites of modified biochar
increase with adding mass. During FA adsorption process
in binary solution, the value of adsorption rate (k,) decreases
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Table 2
Calculated parameter values of Cu(II) adsorption on biochar in
pseudo-second-order equation
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Table 3
Calculated parameter values of FA adsorption on biochar in
various adsorption kinetic models

Variables k,(g mg™ min™) q.,(mg g™ r

Reaction temperature (K)

288 0.0157 1.768 0.9892
298 0.0255 2.092 0.9972
308 0.0166 2.792 0.9961
Adsorbent dosage (g L)

2 0.0255 2.092 0.9972
4 0.0410 1.333 0.9980
FA concentration (mg L)

0 0.0255 2.092 0.9972
2 0.0198 2.394 0.9970
5 0.0205 2.669 0.9980
10 0.0173 3.038 0.9944

Table 4

Calculated parameter values of Cu(Il) adsorption on biochar in
Elovich equation

Variables a (mgg™) b (g mg™ min™) r
Reaction temperature (K)

288 -0.003 0.265 0.961
298 0.483 0.253 0.993
308 0.745 0.308 0.970
Adsorbent dosage (g L™)

2 0.483 0.253 0.993
4 0.294 0.165 0.989
FA concentration (mg L™)

0 0.483 0.253 0.993
2 0.427 0.308 0.991
5 0.589 0.329 0.989
10 1.026 0.304 0.982

FA initial conc. (mg L) 2 5 10
Pseudo-second-order equation
k, (g mg™ min™) 1.156 0.201 0.048
q,, (mgg™) 0.461 2.048 4.735
r 0.9924 0.9997 0.9998
Elovich equation
a(mggm) 0.386 1.280 3.025
b (g mg™' min™) 0.015 0.139 0.291
r? 0.722 0.964 0.980
Intraparticle diffusion equation
k, (mg g™ min™?) - 0.134 0.154
s(mgg™) - 0.994 3.010
r - 0.998 0.894
Table 5

Calculated parameter values of Cu(Il) adsorption on biochar in
intraparticle diffusion equation

Variables k, (mg g™ min™%) s (mg g™ r
Reaction temperature (K)

288 0.069 0.432 0.956
298 0.065 0.916 0.920
308 0.080 1.251 0.962
Adsorbent dosage (g L)

2 0.065 0.916 0.920
4 0.077 1.088 0.927
FA concentration (mg L™)

0 0.065 0.916 0.920
2 0.083 0.924 0.975
5 0.091 1.109 0.967
10 0.076 1.548 0.929

with the rising of initial concentration while adsorption
amounts increase at equilibrium. This is because more sol-
uble FA-Cu(Il) complexes are formed at high concentration
of FA.

3.4.3. Elovich equation

The Elovich equation mathematical expression as modi-
fied was given by Chien and Clayton [42] as follow:

q, :a+bln(t) (4)

where a (mg g™) and b (mg g™ min™) are the parameters of
the Elovich equation (the chemical significance of a and b has
not been resolved).

Generally, the interpretation to this equation is related
to the energy of chemical adsorption varying with the

surface coverage [43]. Fig. 6 illustrates the Elovich equa-
tion fitted the experiment points very well, which may
clarify chemical interactions between adsorption sites on
modified biochar surface and FA/Cu(Il) in solution [33].
The parameter values fitted by the Elovich equation are
listed in Tables 3 and 4.

3.4.4. Intraparticle diffusion model

The intraparticle diffusion model [44] can be described as:
g, =k;t" +s 5)

where k, (mg g min®®) and s (mg g”) are constants of
the model. Plots of g, vs. t*> are often used to estimate a
diffusion controlled reaction rate.

The intraparticle diffusion kinetics of Cu(Il) and FA on
biochar are presented in Fig. 7, and the regression parameters



312

S. Tang et al. / Desalination and Water Treatment 189 (2020) 305-315

2.5
l b
2.0-
1.5-
5
g 1.0
=
0.5-
| m 2g/L
004 = e 4g/L
0 100 200 300 400 500 0 100 200 300 400 500
t(min) t (min)
5-
44
! = 2 mg/L FA
_ — 3 e 5mg/L FA
2 2 | A 10 mg/L FA
()]
é ] é 24 ®
5-“1_0_ = 0mg/L FA = . r/./‘__'__,_.———o——-.——z
| e 2mg/L FA 1-
0.5 A 5mg/L FA | ] - - -— -
1 10 mg/L FA % "
0.0 = v 10mg 01 =
0 100 200 300 400 500 0 100 200 300 400 500
t(min) t(min)

Fig. 6. (a,b,c) Adsorption of Cu(Il) on biochar and (d) adsorption of FA on biochar in binary solution (the Elovich equation).

fitted in Tables 3 and 5. Several relatively high r* values
indicate that the intraparticle diffusion model described
the Cu(Il) adsorption process well at the 5-300 min stage
of adsorption. The fitting linear plots do not pass through
the origin, meaning that intraparticle diffusion is not only
the rate controlling step for adsorption process [45]. Values
of s represent a conception about the thickness of bound-
ary layer, that is to say, values of s are larger, the boundary
layer effect is greater [46]. Clearly, the values of intercept
rose with the increasing of contact temperature, adsorbent
dose and concentration of FA, indicating that the thickness
of boundary layer increased with the change of these influ-
encing factors. Similarly, FA adsorption on modified biochar
in binary solution has the same tendency.

3.5. Desorption study

The desorption efficiencies of Cu(Il) ions are presented in
Fig. 8 to validate the regeneration capacity of modified bio-
char. Fig. 8a shows that the desorption efficiencies of Cu(II)
ions was found to increase obviously at the range of 0-5 min,
and then began to slow down until reaching the desorption
equilibrium. A higher desorption efficiency can be obtained
from modified biochar loaded with single Cu(II) rather than
FA-Cu(ll), indicating that there is a stronger binding force

between FA-Cu(Il) and modified biochar. The use of ultra-
pure water either showed negligible desorption (<1%) for
Cu(Il) in modified biochar loaded with Cu(Il) or FA-Cu(II).
However, carbonate (0.1 mol L™ Na,CO,) and mineral acids
(0.1 mol L HCI, 0.1 mol L' H,SO,, and 0.1 mol L' HNO,)
had resulted in high desorption efficiencies of Cu(II) about
27.83%, 47.36%, 47.72%, and 51.06% for modified biochar
loaded with FA-Cu(Il), 41.82%, 80.2%, 70.79%, and 74.85%
for modified biochar loaded with Cu(II) (see Fig. 8b). The rel-
atively high desorption efficiency proves the strong regener-
ation capacity of modified biochar.

4. Conclusions

Complexation reactions (hydroxyl complexation and
carboxyl complexation) between FA and Cu(Il) promote the
adsorption of FA and Cu(Il) onto biochar at the same time.
The adsorption of Cu(Il) followed a typical kinetic process
with an initial rapid increase in capacities adsorbed fol-
lowed by a slower increase to a quasi-equilibrium. While
the adsorption of FA on modified biochar in mixed solution
can reach equilibrium in a short time. The pseudo-second-
order equation was the best suited model and Elovich equa-
tion fitted the experimental data very well, which suggested
that the adsorption of adsorbates onto modified biochar is
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Fig. 7. (a,b,c) Adsorption of Cu(Il) on biochar and (d) adsorption of FA on biochar in binary solution (the intraparticle diffusion

equation).
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Fig. 8. Desorption efficiencies of Cu(II) (a) within the time range of 0-24 h in 1 mol L™ HNO,; and (b) using different desorbing agents.

predominantly chemisorption. Also, the intraparticle diffu-
sion model was successfully used to describe the adsorption
of Cu(Il) ions onto biochar at the 5-300 min stage of adsorp-
tion, indicating that the process of Cu(Il) adsorption by bio-
char was diffusion-controlled. Similarly, FA adsorption on

biochar in binary solution has the same tendency. The opti-
mum condition of Cu(Il) ions adsorption was temperature of
308 K, 2 g L™ of adsorbent dosage and 25 mg L™ of FA con-
centration. In addition, the maximum removal efficiencies of
Cu(Il) ions and FA were almost 81% and 94%, respectively.
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The relatively high desorption efficiency proves the strong
regeneration capacity of modified biochar.

Symbols

a — Parameter of the Elovich equation (mg g™)

b — Parameter of the Elovich equation (mg g min™)

C, — Initial concentration of solute in solution (mg L)

C, — Concentration of solute in solution at equilibrium

(mg L)

k, — Rate constant of pseudo-first-order equation (min™)

k, — Rate constant of pseudo-second-order equation
(g mg™ min™)

k, — Rate constant of intraparticle diffusion equation
(mg g™ min™)

m — Mass of biochar (g)

g, — Adsorption capacity at quilibrium (mg g™')

q,, — Equilibrium adsorption capacity of pseudo-first-
order equation (mg g)

q,, — Equilibrium adsorption capacity of pseudo-second-
order equation (mg g)

g, — Adsorption capacity at time ¢ (mg g™')

r* — Correlation coefficient (dimensionless)

s — Constant of intraparticle diffusion equation (mg g™)

t — Time (min)

V' — Volume of adsorption solution (L)
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