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a b s t r a c t
This study focused on making environmentally friendly activated carbon (AC) derived from palm 
oil shells producing a palm-based powdered activated carbon (PPAC) coated with Fe3O4 particles 
(PPAC-Fe3O4) as an adsorbent to adsorb crystal violet (CV) dyes in water. Activation of carbon from 
oil palm shells was carried out chemically using a H3PO4 solution of 10%. The characterization results 
of PPAC-Fe3O4 adsorbent using X-ray diffraction, nitrogen adsorption–desorption isotherms, and 
scanning electron microscopy-energy dispersive-X ray (SEM-EDX) compared with PPAC show 
that the coating process of Fe3O4 particle on PPAC has been carried out successfully to produce the 
adsorbent of PPAC-Fe3O4. Adsorption of CV dyes on PPAC and PPAC-Fe3O4 was optimum at pH 
10 with an adsorbent dose of 2.5 g L–1, and contact time of 90 min. The CV dye adsorption kinetics 
model on PPAC and PPAC-Fe3O4 tends to follow the pseudo-second-order kinetic model with the 
rate constants (k2) for PPAC and PPAC-Fe3O4 of 0.059 and 0.088 g mg–1 min–1, respectively. In addition, 
the adsorption isotherm model of CV dyes on PPAC and PPAC-Fe3O4 tends to follow the Freundlich 
adsorption isotherm with KF values of 1.066 and 2.852 (mg g–1) (L mg–1)1/n, respectively. This indicates 
that the CV dye adsorption process occurs on heterogeneous surfaces with multilayer that occur 
through the pores of activated carbon and the magnetic properties of PPAC-Fe3O4 have increased the 
number of adsorbed CV dye.
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1. Introduction

Water pollution is still one of the problems that need 
to be considered because it has a serious impact on water 
sources and the balance of environmental ecosystems. 
Water pollution has its origin from industrial, agricultural 
and household waste, which is caused by the presence of 
chemicals such as dyes, phenols, detergents, pesticides, 
insecticides, heavy metals, and other pollutants released 
into the environment [1–4]. One industry that produces a 

lot of waste that pollutes waters is the textile industry. Dyes 
from industrial water are observable pollutants that are 
complicated to control because of their complicated molec-
ular characteristic and synthetic source. The dyes detached 
into the surrounding may cause critical effects on exposed 
organisms because of the dye toxicity [5,6].

Crystal violet (CV) is a triphenylmethane dye with the 
molecular formula C25N3H30Cl widely used as a dermato-
logical agent in various commercial textile processes [7]. 
Crystal violet is carcinogenic and it is grouped as obstinate 
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molecule, because it is non-biodegradable, is difficult metab-
olized by microbes, and can stand in various environments 
[8]. Crystal violet dyes are found as one of the agents that 
cause poisoning in aquatic ecosystems that lead problems for 
living things [9,10]. Therefore, to reduce the danger that can 
be caused from the residual disposal of CV dyes, the reduc-
tion of these dyes in industrial waste needs to be done, espe-
cially in the treatment of waste before the spread occurs to 
the environment.

Various methods have been widely used to reduce dyes 
in wastes such as oxidation [11,12], coagulation and floccu-
lation [13], adsorption [14,15], ion exchange [16], biological 
treatment [17], and magnetic separation method [18]. From 
the various methods mentioned, the adsorption method 
is the most widely used method because it has high effi-
ciency [15,19]. In addition, the adsorption also has other 
advantages such as cheap process, simple method, safe for 
environment, and no toxic side effects [20–22]. 

Various adsorbents such as activated carbons [23], clays 
[24,25], and carbon nanotubes [26] were successfully used to 
remove dyes from aqueous solution. The most widely used 
adsorbent for the adsorption process in industrial waste-
water treatment systems is activated carbon due to its large 
specific surface area [27–29]. 

Regarding the use of activated carbon, the market 
demand for AC is increasing. Therefore, efforts need to be 
made to produce AC from agro-industrial waste, such as 
waste originating from oil palm shells. One of the most com-
monly used AC application is as an adsorbent in processing 
chemical wastes. The use of AC as an adsorbent is carried 
out by considering the policy of applying the zero waste 
concept, namely utilizing agro-industrial waste to reduce 
other industrial wastes such as toxic chemicals [30–32]. But 
along with the increase in the number and types of waste 
found in the environment, it is also necessary to improve the 
quality of activated carbon which has a more specific char-
acter to be effectively used as an adsorbent.

Activated carbon has advantages as an adsorbent in 
many aspects, but has limitations in the separation of the 
remaining AC by-products and also the limitations of regen-
eration for repeated use [22]. In addition, the filtration and 
centrifugation processes in the adsorption process often time 
consuming [15]. The barrier of filters and the lapse of adsor-
bents can happen in filtration process. Centrifugation is not 
an economic process. The application of magnetic separation 
method proposes an alternative method to complete these 
matters [33–35].

Therefore it is necessary to improve the AC quality; one 
of the methods is to provide magnetic properties to the AC 
through superparamagnetic (Fe3O4) particle coating tech-
niques. The magnetic properties of activated carbon can sep-
arate the adsorbate quickly and the adsorption process takes 
place at room temperature [36]. The material coating tech-
nique with magnetite particles is an environmental friendly 
technique, because it does not form products that contain 
contamination such as suspended solids, besides it acceler-
ates the process of separating metals from solution because 
the adsorbent is magnetic [37–40]. In addition, coating AC 
with Fe3O4 will produce a stable AC in acidic conditions [41].

In this study, it was carried out production of an adsor-
bent from palm-based powdered activated carbon (PPAC), 

which was coated with Fe3O4 particles (PPAC-Fe3O4) to 
adsorb crystal violet (CV) dyes. By using this technique, it 
was obtained PPAC-Fe3O4 which has a large adsorption rate 
and capacity for the CV dyes in solution and can separate 
target compounds quickly, effectively and does not cause 
by-products that are harmful to the environment. This is 
one of the solutions to utilize the palm oil shells as indus-
trial agro waste into the material that has an economic value 
and can be used as an adsorbent in the treatment of a toxic 
chemical waste to reduce an environmental pollution.

2. Materials and methods

2.1. Materials

The materials used in this study were palm oil shells 
originating from palm oil processing waste in Lampung 
Province, Indonesia. Crystal violet, sodium hydroxide, 
potassium nitrate, and FeSO4·7H2O were purchased from 
European Pharmacopoeia, (France) with AR grade. To obtain 
a stock solution with a concentration of 1 g L–1, as much as 
1 g of the CV dye (Basic violet 3) dye was dissolved in water 
to a volume of 1 L. For this study, the concentrations of CV 
dye at range of 10–300 mg L–1 were made from the stock 
solutions. The absorbance of the CV dye was displayed in 
the range of 585–598 nm (UV-Vis spectrophotometer, Cary 
100, Agilent, USA). All the experiments in this study used 
double distilled water.

2.2. Preparation of activated carbon

Before the carbonation process was carried out, the palm 
shells were washed first with water to remove the waste, 
then dried in the sun. Dried palm oil shells were inserted 
into the furnace to be carbonized, and they were activated 
by flowing water vapor into the furnace. The carboniza-
tion process was carried out at a temperature of 600°C for 
60 min. The carbon was smoothed and sieved with a 200 
micron sieve. Refined carbon was chemically activated 
using a 10% H3PO4 solution according to the procedures 
carried out [7,42] to produce activated carbon powder from 
the palm oil shells (PPAC).

2.3. Synthesis of activated carbon-Fe3O4

Synthesis of PPAC-Fe3O4 was done by dissolving 27 g of 
FeSO4·7H2O into 200 mL of distilled water and adding 50 g 
of PPAC. Then the suspension was heated at 80°C for 2 h, 
added drop by drop 50 mL of a base solution made from a 
mixture of 2.25 g of KNO3 and 15 g of NaOH while stirring 
constantly with a magnetic stirrer. Then the resulting sus-
pension was sonicated at 80°C for 1 h and stored overnight. 
The results of the suspension were filtered and washed 
with distilled water to neutral pH and dried in an oven 
at 60°C [36].

2.4. Adsorbent characterization

The PPAC and PPA-Fe3O4 adsorbents were character-
ized by X-ray diffraction (XRD; Shimadzu 6000, Japan) to 
determine the level of material crystallinity. Investigation of 
specific surface area and pore volumes was analyzed using 
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a surface area analyzer (Quantachrome TouchWin v1.0, 
Florida, U.S.A.). The surface morphology and constituent ele-
ments were identified by SEM-EDX (Zeiss MA10, Germany).

2.5. Zero point charge (pHpzc) measurement

The zero charge (pHpzc) of the PPAC and PPAC-Fe3O4 was 
determined using 0.1 M of NaCl aqueous solutions at pH 
3–10. These pH values were fixed with either a 0.1 N of HCl 
or 0.1 N of NaOH aqueous solution. These solutions (10 mL 
of each) were brought into contact with 0.05 g of sample and 
the system was stirred for 48 h. The supernatant was then 
decanted and its pH was measured. The pHpzc value was 
obtained from a plot of pH of the initial solution against 
pH of the supernatant.

2.6. Adsorption experiments

Adsorption process of the CV dye on PPAC and PPAC- -
Fe3O4 adsorbents was carried out using the batch method 
through the stirring process using a shaker (Stuart-reci-
procating shaker, SSL2, Cole-Parmer, Illinois, U.S.A.). In the 
experiments with the batch method, a CV dye solution with 
an initial concentration of 10–300 mg L–1 was used. For each 
experiment, a certain amount of PPAC or PPAC-Fe3O4 and 
20 mL of CV dye solution were moved in a flask, and stirred 
in a temperature-controlled shaker with a constant speed of 
200 rpm for a contact time of 0–120 min and various pHs 
of 3–12. At destined time intervals, 5 mL of dispersion was 
taken and isolated quickly by an adscititious magnet to 
gather adsorbent. For PPAC adsorbents, the adsorbate sepa-
ration from the adsorbent was carried out using centrifuga-
tion and filtration. The supernatant containing residual CV 
dye was analyzed at 590 nm by UV-Vis spectrophotometer 
(Cary 100, Agilent, USA). The concentration of CV dye was 
measured from a calibration curve of absorbance against 
concentration of CV dye. All measurements were carried out 
in triplicate per experiment. The adsorption studies were 
performed with various factors of the pH, dosage adsorbent, 
contact time, and initial concentration. In order to control 
the pH of the CV dye solution, 0.1 mol L−1 of HCl or NaOH 
solution was added with ignored volume. 

The amount of CV dye adsorbed per mass unit of 
adsorbent and the percentage of adsorbed CV dye were 
determined using Eqs. (1) and (2), respectively: 

q
C C v
w

e=
−( )0  (1)

Removal %( ) = −( )
×

C C
C

e0

0

100  (2)

where C0 and Ce (mg L–1) are the CV dye concentration before 
and after the adsorption process, w is the amount of adsor-
bent (g), and v is the volume of solution (L), q is the amount 
of CV dye adsorbed per mass unit (mg g–1).

2.7. Reusability adsorbent

Reuse of the PPAC-Fe3O4 adsorbent to adsorb the CV 
dye was studied by carrying out five repetitions of CV dye 

adsorption process. The adsorption was carried out by inter-
acting 250 mg of adsorbent with CV dye solution of 100 mg L–1 
at pH of 10, contact time of 90 min, and temperature of 27°C. 
The release of CV dye adsorbed on the adsorbent was eluted 
using 0.05 M HCl solution. Regeneration of the adsorbent 
was rinsed with distilled water to neutral pH and dried at 
60°C for 24 h, then reused for repeated adsorption.

3. Results and discussion

3.1. Synthesis and characterization of adsorbent

Synthesis of PPAC material was performed by activating 
carbon from oil palm shells chemically using 10% H3PO4 
solution followed by coating Fe3O4 particles to produce 
PPAC-Fe3O4. The two adsorbents were characterized includ-
ing identification of functional groups with IR spectro-
meters, crystalline levels with XRD, surface area, and pore 
volume with the BET method, as well as surface morphology 
and constituent elements of material with SEM-EDX.

Fig. 1 displays the XRD pattern of Fe3O4, PPAC, and 
PPAC-Fe3O4. In the figure, it can be seen that the presence 
of a wide asymmetrical peak at 2θ from 25°–45° which indi-
cates a typical form of carbon amorph [36,43,44]. The XRD 
pattern on PPAC-Fe3O4 shows a change in the reduction of 
the amorphous carbon phase to the crystalline phase which is 
characterized by the presence of a diffraction peak at 30.05°; 
35.55°; 43.37°; 57.43°; and 62.91° derived from Fe3O4 nano-
crystal [15,41] as found in the Fe3O4 diffraction pattern. This 
shows that coating of Fe3O4 particles in PPAC has occurred.

Based on the IUPAC classification, the N2 adsorption–
desorption isotherms of PPAC and PPAC-Fe3O4 (Fig. 2a) 
showed a tendency to follow the pattern of the adsorp-
tion–desorption isotherms of the combined type from the 
adsorption isotherms of type I and IV. The adsorption 
isotherm pattern of the type I occurs in low P/P0 regions, 
it is seen that the form of isotherm tends to be horizon-
tal. The type I adsorption isotherm patterns only form one 
layer of adsorbate and only occur in the chemisorption 

Fig. 1. XRD patterns of (a) Fe3O4, (b) PPAC, and (c) PPAC-Fe3O4.
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process. The type IV adsorption isotherm pattern occurs in 
the higher P/P0 area with hysteresis loop of type H1 show-
ing mesoporous material. The volume of adsorbates in all 
isotherms increases relatively sharply with respect to P/P0 
around 0.6 which indicates nitrogen capillary condensation 
in regular mesopore structures. The pore size distribution 
of PPAC and PPAC-Fe3O4 derived from the adsorption 
branch of isotherm shows that the most probable pore size 
is centered at 3.94 nm (Fig. 2b). The BET surface area of 
PPAC and PPAC-Fe3O4 was 415.12 and 300.09 m2 g–1. The 
total of pore volume for PPAC and PPAC-Fe3O4 was 0.23 
and 0.20 cm3 g–1, respectively, while the average pore diam-
eters were 2.69 and 2.21 nm. The average pore diameters of 
all the samples were in the range of 2 – 10 nm, which belong 
to mesopores [45,46]. 

When compared with BET surface area, total pore vol-
ume, and average pore diameters between PPAC and PPAC-
Fe3O4, it shows that the PPAC structure does not change 
with the presence of Fe3O4 particles which support that the 
PPAC-Fe3O4 material is still dominated by PPAC. However, 
the coating of Fe3O4 particles on the PPAC causes a decrease 
in surface area and pore volume in the PPAC-Fe3O4.

From Fig. 3, it can be observed differences in surface 
morphology between the carbon from the palm shells before 
activated, PPAC and PPAC-Fe3O4 material at 3,000x magni-
fication. At Fig. 3 it can be seen that the PPAC morphology 

(Fig. 3b) has more cavities than the carbon from the oil palm 
shells that has not been activated (Fig. 3a), this is also sup-
ported by the elemental composition data contained in the 
EDX spectra which shows an increase % C of carbon before 
activation from 84.81% (Fig. 3d) to 96.31% (Fig. 3e) in PPAC. 
In the PPAC, there are uniform pores (Fig. 3b) and after 
coating Fe3O4 particles, there is a decrease in the number of 
pores in PPAC-Fe3O4 (Fig. 3c). The coating of Fe3O4 particles 
on PPAC can also be observed from the surface morphology 
of PPAC-Fe3O4 which shows the presence of Fe3O4 particles 
with a size of about 976.8 nm which is evenly distributed 
on PPAC (Fig. 3c). Pore reduction in PPAC-Fe3O4 is due to 
significant pore blocking by coating particles of Fe3O4) [36]. 
This is supported by data contained in the results of anal-
ysis with EDX which shows that in PPAC-Fe3O4 material, 
besides the presence of C and O elements which are constit-
uent elements of PPAC material (Fig. 3e), there are also Fe 
elements derived from Fe3O4 particles (Fig. 3f). 

3.2. Effect of experimental conditions

3.2.1. Effect of pH on the dye adsorption

The effect of pH of the solution is one of the factors that 
play a role in determining the success of the adsorption pro-
cess. The effect of pH determines the load on the surface of 
the adsorbent as an active site [15] and changes in the struc-
ture of dyes as adsorbates [45,47]. The effect of pH on the 
adsorption process of CV dye with PPAC and PPAC-Fe3O4 
adsorbent was studied by varying the CV dye solutions in 
the pH range 3–12 (Fig. 4). The surface charge assessed by 
point of zero charge (pHpzc) is defined as the point where the 
zeta potential is zero. When pH < pHpzc, the surface charge 
is positive, and when pH > pHpzc, the surface charge is neg-
ative. In this case, the pHpzc of the PPAC and PPAC-Fe3O4 
determined by the solid addition method are about 6.02 
and 7.69, respectively (Table 1).

From Fig. 4 it can be seen that the pH of the solution 
greatly influences the adsorption process. The percentage of 
CV dye adsorbed on PPAC and PPAC-Fe3O4 continued to 
increase with increasing pH of the solution and optimum 
at pH of 10. At low pH (<7), the adsorption process is not 
optimal because at this pH there is competition between CV 
molecules and H+ ions found on the active site of the adsor-
bent. In an alkaline state (pH 7–10), the H+ ion decreases so 
that the CV dye adsorption process is more optimal in alka-
line conditions. In contrast, the surface of the PPAC-Fe3O4 
may get negatively charged at a solution pH higher than 
pHpzc. Increased pH increases the electrostatic interaction 
between cationic CV dyes and the negatively charged sur-
face active sites of PPAC and PPAC-Fe3O4 [48–50]. Identical 
results were also informed for the adsorption of CV dye 
by modified rice straw [51] and adsorbent of AC (Typha 
latifolia)-chitosan composite [52]. The CV dye is a basic dye 
and has a pKa value of 0.8. Because of this low pKa value, it 
is ionised for entire experimental pH values and found as a 
cationic species [52]. At pH > 10, CV dye adsorption on both 
adsorbents begins to decline, this is due to the formation 
of hydroxide species which tend to cause precipitation [15].

The percentage of CV dye adsorbed in PPAC-Fe3O4 is 
greater than PPAC, this is due to the increase of active sites 

 

 

Fig. 2. (a) Nitrogen adsorption–desorption isotherms and 
(b) pore size distribution of PPAC and PPAC-Fe3O4.
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and the magnetic properties of the adsorbent caused by the 
presence of Fe3O4 particles [40,53].

3.2.2. Effect of adsorbent amount on dye adsorption

The effect of adsorbent dose is one of the important fac-
tors studied to optimize the adsorption process, because the 
mass of the adsorbent is one of the determining factors in 

the adsorption process [53]. Increasing the concentration of 
the adsorbent used will increase the number of active sites 
of the adsorbent to adsorb the adsorbate. In this study, the 
effect of the adsorbent dose was carried out by interacting 
with CV dye solutions using an adsorbent dose range of 
0.5–2.5 g L–1. In Fig. 5, it can be observed that there is an 
increase in % removal of CV dye with increasing adsorbent 
dosage. Removal of CV dye on PPAC and PPAC-Fe3O4 at 

  

  

  

 Fig. 3. SEM images and EDX spectra of carbon derived from palm oil shells before activation (a,c), PPAC (b,d), and PPAC-Fe3O4 (c,f).
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the use of the adsorbent dose of 2.5 g L–1 was 90% and 97%, 
respectively (Fig. 5).

3.2.3. Effect of contact time on the dye adsorption

The contact time between the adsorbent and the adsor-
bate is one of the essential things in the adsorption process 
because it will have an impact in designing economical 
procedures in wastewater treatment process [49,54,55]. The 
contact time between CV dyes with PPAC and PPAC-Fe3O4 
was studied in the time range of 0–120 min (Fig. 6).

From Fig. 6 it can be observed that the adsorption of CV 
dyes in both PPAC and PPAC-Fe3O4 is relatively fast. In the 
first 15 min, the adsorption increased sharply with the per-
centage of CV dye adsorbed on PPAC and PPAC-Fe3O4, each 
at 71.37% and 83.05%. The increase in CV dye adsorption 
occurred slowly with increasing contact time and reached 
constant at 90 min interaction time with the percentage of 
adsorbed CV dye for PPAC and PPAC-Fe3O4, respectively, 
at 86.41% and 95.76%. Furthermore, after 90 min of con-
tact time, the addition of time did not give an increase in 
the number of adsorbed CV dyes. Thus, it can be stated that 
at this stage the adsorption process is estimated to have 
reached equilibrium [15,49].

3.2.4. Effect of initial dye concentration

The effect of the initial concentration of CV dye on the 
adsorption ability of PPAC and PPAC-Fe3O4 was studied 
through the interaction of CV dye solutions at initial con-
centrations that varied with a range of 0–300 mg L–1. The 
number of CV dye adsorbed per gram (qexp) vs. the initial 
concentration in solution (C0) is shown in Fig. 7. From the 
figure, it can be observed that there is an increase in the 
number of CV dye adsorbed with increasing concentra-
tions of CV dye used. The adsorption of CV dye increases 
sharply at low initial concentrations and gradually increases 
at high concentrations. This shows that PPAC-Fe3O4 has a 
high adsorption affinity for the CV dye. The increase in 

Table 1
Determination of point of zero charge (pHpzc)

Points of reference PPAC PPAC-Fe3O4

pH(initial) pH(final) pH(initial) pH(final) pH(initial) pH(final)

0 0
3 3 3 3.64 3 5.98
4 4 4 4.72 4 7.15
5 5 5 6.53 5 6.65
6 6 6 6.02a 6 7.66
7 7 7 5.45 7 7.69a

8 8 8 6.43 8 7.02
9 9 9 6.74 9 7.32
10 10 10 7.60 10 7.68

apHpzc for PPAC and PPAC-Fe3O4 is 6.02 and 7.69, respectively.

Fig. 4. Influence of pH interaction on adsorption of CV dye onto 
PPAC and PPAC-Fe3O4 (contact time of 60 min, concentration 
of 10 mg L–1, and temperature of 27°C).

Fig. 5. Influence of adsorbent dose on CV dye removal yield 
(pH of 10, CV dye concentration of 10 mg L–1, contact time of 
60 min, and temperature of 27 oC).

Fig. 6. Influence of contact time on adsorption of CV dye onto 
PPAC and PPAC-Fe3O4 (pH of 10, CV dye concentration of 
10 mg L–1, and temperature of 27°C).
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adsorption is related to the number of active sites available 
on the surface of the adsorbent [53]. 

The adsorption ability of PPAC-Fe3O4 material to absorb 
CV dye solution can also be seen from the UV-Vis spectra 
of CV dye solutions before and after adsorption using the 
PPAC-Fe3O4 adsorbent (Fig. 8). From Fig. 8 it can be seen 
that the use of 10 mg L–1 CV dye solution produced an absor-
bance of 1.414 and after adsorption with PPAC-Fe3O4 at the 
adsorbent dose, pH and optimum contact time obtained 
an absorbance value of 0.012, a decrease in absorbance of 
around 99.15%. This shows that after the adsorption process 
by PPAC-Fe3O4 there was a decrease in CV dye concentration 
in solution.

3.3. Adsorption kinetics and isotherm

3.3.1. Kinetic model of CV dye adsorption on PPAC and 
PPAC-Fe3O4

In this study, the CV dye adsorption kinetics model on 
PPAC and PPAC-Fe3O4 was studied by applying pseudo- 
first-order (Eq. (3)) and pseudo-second-order (Eq. (4)) kinet-
ics model as follows: [56–58]

ln lnq q q k te t e−( ) = ( ) 1  (3)

t
q k q

t
qt e e

= +
1

2
2  (4)

where qt and qe (mg/g) are total CV dye adsorption capac-
ity at time t and at equilibrium, respectively, k1 and k2 are 
the first order and second order rate constants, respectively. 
The kinetic data, adsorption rate constant, and regres-
sion coefficients of CV dyes on PPAC and PPAC-Fe3O4 are 
presented in Table 2.

The values of qe and k1 were determined from the slope 
and intercept values of the plot between ln (qe–qt) vs. t as 
shown in Fig. 9a obtained from the completion of Eq. (5) 
and the results are summarized in Table 2. Determination 
of the pseudo-second-order kinetics model was investigated 
by applying Eq. (6) through plot t/qt vs. t which produces a 
slope and intercept to obtain the values of qe and k1 as shown 
in Fig. 9b and Table 2.

The correlation coefficient (R2) for the pseudo-second- 
order model for PPAC and PPAC-Fe3O4 (R2 = 0.983 and 
0.990) is greater than the pseudo-first-order model (R2 = 0.818 
and 0.861). This shows that the CV dye adsorption kinetics 
model on PPAC and PPAC-Fe3O4 tends to follow the pseudo- 
second-order kinetics model. The adsorption kinetics model 
on CV dye in this study is in line with the results of previous 
studies [49,53,59]. From Table 2 it can be seen that the adsorp-
tion rate (k2) of CV dye by PPAC-Fe3O4 is greater than that 
of PPAC. In PPAC-Fe3O4, besides there is a pore on carbon, 
there are also magnetic properties of adsorbents from Fe3O4 
particles [15,60].

To find out the mechanism of CV dye adsorption on 
PPAC and PPAC-Fe3O4, the data analysis was carried out 
using an intraparticle diffusion model proposed by Weber 
and Morris [45,49].

q k t Ct = +id
0 5.  (5)

where kid (mg g−1 min−0.5) is the intraparticle diffusion rate 
constant, and C value (mg g−1) represents a constant depict-
ing resistance to mass transfer in the boundary layer. The kid 

Fig. 7. Influence of initial concentration on adsorption of CV 
dye onto PPAC and PPAC-Fe3O4 (pH of 10, contact time of 
90 min, and temperature of 27 C).

Fig. 8. UV-VIS spectrum of CV dye solution (a) before and (b) after adsorption by PPAC-Fe3O4 (adsorbent dose of 2.5 g L–1, pH of 10, 
CV dye concentration of 10 mg L–1, contact time of 90 min, and temperature of 27oC).
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and C were calculated from the slope and intercept of lines 
obtained from plots of qt vs. t0.5. Value of kid and C were evalu-
ated from the slope and intercepts in Fig. 10 and the value of 
kid and C is displayed in Table 3.

If the intraparticle diffusion obtained from the results 
of a plot of qt vs. t0.5 is a linear and passes through the ori-
gin then the intraparticle diffusion rate is not the diffusion 
control film [61]. In Fig. 10 it can be seen that all the plots 
have two linear parts. This feature shows that more than one 
mode of adsorption is involved. The first linear part accom-
modates the adsorption phase of 0–60 min, which indicates 
external mass transfer. The second linear part accommodates 
the adsorption phase of 60−120 min, indicating intraparticle 
diffusion. The second linear parts do not cross the origin 
(C≠0), recommending that intraparticle diffusion is not the 
only rate controlling step and the external mass transfer is 
also happening synchronously [45]. A similar intraparticle 
diffusion result was obtained for the adsorption of diquat 
herbicide onto magnetic carbon nanotubes [62].

3.3.2. Adsorption isotherms

The adsorption isotherm patterns of CV dye on PPAC 
and PPAC-Fe3O4 were investigated using the adsorption iso-
therm models of Langmuir (Eq. (6)), Freundlich (Eq. (7)), and 
Dubinin–Radushkevich (DR) (Eq. (8)) [63,64]. The adsorp-
tion isotherm models of CV dye on PPAC and PPAC-Fe3O4 
are shown in Fig. 11. The adsorption data were analyzed 
using the adsorption isotherm equation to produce the char-
acteristics of the adsorption parameters presented in Table 4.

The Langmuir adsorption isotherm model assumes that 
on the surface of the adsorbent there are a certain num-
ber of active sites that are proportional to the surface area, 
the surface of the adsorbent is uniform and the adsorption 
process is monolayer expressed in Eq. (6) [65,66].

1 1 1
q q K C qe m L e m

= +  (6)

Table 2
Kinetic parameters for the adsorption of CV onto the PPAC and PPAC-Fe3O4 at temperature of °C and pH of 10

Adsorbents qe(exp) (mg g–1) Pseudo-first-order Pseudo-second-order

qe(cal) (mg g–1) k1 (min–1) R2 qe(cal) (mg g–1) k2 (g mg–1 min–1) R2

PPAC 6.960 9.309 0.107 0.818 7. 001 0.059 0.983
PPAC-Fe3O4 7.649 11.857 0.139 0.861 8.524 0.088 0.990

 Fig. 9. (a) Pseudo-first-order and (b) pseudo-second-order for adsorption of CV dye on PPAC and PPAC-Fe3O4.

Fig. 10. Intraparticle difussion plot for CV dye adsorbed onto 
PACC and PPAC-Fe3O4.
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where Ce (mg L–1) is the equilibrium concentration of CV 
dye solution, qe (mg g–1) is the CV dye adsorption capacity at 
equilibrium, qm is the monolayer adsorption capacity, and KL 
is the equilibrium constants including the affinity of binding 
sites (L mg–1). KL and qm can be determined from the linear 
equation of plot log 1/qe vs. Ce which produce a straight line 
with 1/qm KL as the slope and 1/qm as intercept.

In addition, the Freundlich adsorption isotherm model is 
an empirical equation employed for heterogeneous system 
and adsorption at multilayers [67] represented by Eq. (7).

log log logq K
n

Ce F e= +
1  (7)

where KF ((mg g–1) (L mg–1)1/n) is the adsorption capacity factor 
and n is the adsorption intensity factor with n values ranging 
from 1 to 10 [68]. Next, the plot of log qe vs. log Ce produces 
KF and exponent n.

The D-R adsorption isotherm can be used to explain the 
adsorption that occurs on a homogeneous and heteroge-
neous surface. The D-R adsorption isotherm model can be 
expressed as Eq. (8).

ln lnq q B RT
Ce
e

= −
+







DR DR

1 12  (8)

where R is the gas constant (8.314 kJ mol–1), and T is the 
absolute temperature (K), qDR and BDR are the D-R isotherm 
constants in mg g–1 and mol2 kJ–2, respectively. Plot log qe vs. 
ln (1 + 1/Ce) produces slope and intercept. 

The CV dye adsorption parameters by PPAC and PPAC-
Fe3O4 contained in Table 4 show the regression coefficients 
of linear equations (R) of Freundlich adsorption isotherm 
models (PPAC and PPAC-Fe3O4 0.992 and 0.991, respec-
tively) greater than the D-R and Langmuir adsorption iso-
therms. This shows that the CV dye adsorption isotherm 
is more in line with the Freundlich adsorption isotherm 
model which is supported by the adsorption pattern from 
the experimental results closer to the Freundlich model 
(Fig. 11). The Freundlich adsorption isotherm states that the 
CV dying adsorption process occurs on material surfaces 
with heterogeneous multilayers. This indicates that the CV 
dye adsorption on PPAC and PPAC-Fe3O4 is dominated by 
physical interactions that occur through the pores of active 
carbon. While the magnetic properties of the adsorbent 
in PPAC-Fe3O4 can also increase the number of adsorbed 
CV dye [69]. In Table 4 it can be observed that the num-
ber of adsorbed CV dye determined from the experimental 
results (qm(exp)) on PPAC and PPAC-Fe3O4 was 88.495 and 
95.715 mg g–1, respectively. In literature, it was reported that 

the adsorption isotherms of various organic compounds 
onto activated carbon followed the Freundlich isotherm 
model [70,71]. 

The adsorption capacity (qm(exp)) results of this study can 
be compared with some carbon-based CV dye adsorbents 
(Table 5). From the comparison results, it can be observed 
that the PPAC-Fe3O4 adsorbent is one of the good adsorbents 
to absorb the CV dye in solution, especially in the waste 
treatment process containing the CV dye. 

3.4. Reusability of adsorbent

One important consideration in the use of adsorbents 
is the ability to reuse or regenerate, because it is a factor 
that determines economic visibility and cost effectiveness in 
the sustainability of its use in reducing environmental pol-
lution. In the experiment, the ability to reuse PPAC-Fe3O4 
adsorbent in adsorbing CV dye was determined by doing 
the adsorption–desorption process for five repetitions 
(Fig. 12). The results of the adsorption of CV dye solution 
released (desorption) with 0.05 M HCl solution repeatedly 
four times did not reduce the amount of adsorbed CV dye 
and produced 80% adsorbed CV dye (Fig. 12). Material 
reusability of adsorbate adsorption for some cycles with-
out breakage of material structure and alleviating capacity 

Table 3
Intraparticle diffussion model for CV dye adsorption onto PPAC and PPAC-Fe3O4

Adsorbent Initial linear portion Second linear portion

ki1 (mg g−1 min−0.5) C1 (mg g−1) R1
2 ki2 (mg g−1 min−0.5) C2 (mg g−1) R2

2

PPAC 0.329 0.922 0.982 0.117 2.514 0.994
PPAC-Fe3O4 0.259 1.596 0.968 0.092 3.040 0.926

Table 4
Langmuir, Freundlich, and D-R parameters for the adsorption 
of CV dye on PPAC and PPAC-Fe3O4 at temperature of 27°C, 
pH of 10, and contact time of 90 min

Adsorbent PPAC PPAC-Fe3O4

qm(exp) (mg g–1) 88.495 95.715

Model

Langmuir

qm (mg g–1) 81.301 84.746
KL × 10–2 (L mol–1) 1.454 2.106
R2 0.539 0.664

Freundlich

KF (mg g–1) (L mg–1)1/n 1.066 2.852
n 0.985 1.210
R2 0.992 0.991

Dubinin–Radushkevich (D-R)
qDR (mg g–1) 96.188 119.677
BDR 2.6 × 10–6 2.7 × 10–7

R2 0.934 0.963
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of adsorption is one of the key factors in controlling the 
material quality generated [75].

4. Conclusions

Coating of Fe3O4 particles on PPAC to produce magnetic 
carbon-based adsorbents has increased the carbon adsorption 
ability to crystal violet (CV) dye. Using this technique, the 
obtained PPAC-Fe3O4, which has a large adsorption rate and 
capacity for CV dyes in solution, can separate target com-
pounds quickly and effectively, as well as does not cause side 
products that are harmful to the environment. Adsorption 
of CV dyes on PPAC and PPAC-Fe3O4 was optimum at pH 
10 with an adsorbent dose of 2.5 g L–1, and contact time of 
90 min. The CV dye adsorption kinetics model on PPAC and 
PPAC-Fe3O4 tends to follow the pseudo-second-order kinetic 
model with the rate constants (k2) for PPAC and PPAC-Fe3O4 
of 0.059 and 0.088 (g mg–1 min–1), respectively. In addition, 
the adsorption isotherm model of CV dyes on PPAC and 
PPAC-Fe3O4 tends to follow the Freundlich adsorption iso-
therm with KF values of 1.066 and 2.852 (mg g–1) (L mg–1)1/n, 
respectively. The tendency of CV dye adsorption mod-
els follows the model of Freundlich adsorption isotherm 
which illustrates that CV dye adsorption processes occur on 

Fig. 11. Adsorption isotherm of CV dye on (a) PPAC and 
(b) PPAC-Fe3O4 based on experiment (qexp) and estimation (qcal) 
results using adsorption isotherm equations.

Table 5
Adsorption capacity of CV dye on PPAC-Fe3O4 compared with other activated carbon-based adsorbents

Adsorbent qm (mg g–1) Experimental condition 
(pH and temperature)

References

AC (Typha latifolia)-chitosan composite 0.27 9.0 and 30°C [52]
Rice husk activated carbon 11.18 10.8 and 25°C [72]
AC (Common Reed) 38.50 7.0 and 30°C [73]
AC (Waste apricot) 52.86 – and 30°C [74]
Phosphoric acid activated carbon (PAAC) 60.42 6.0 and 25°C [7]
Magnetically modified activated carbon 67.10 9.0 and 50°C [69]
Magnetic carbon-iron oxide nanocomposite 81.70 8.5 and 50°C [60]
AC-AgNPLs (Ag nanoparticles (AgNPLs) chemically 
immobilized onto activated carbon)

87.20 7.5 and 30°C [49]

PPAC-Fe3O4 95.71 10.0 and 27°C This work

Fig. 12. Variation of the CV dye adsorption capacity of 
regenerated PPAC-Fe3O4 as function of regeneration cycles.
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heterogeneous surfaces with multilayers. This indicates that 
CV dye adsorption on PPAC-Fe3O4 is dominated by physical 
interactions that occur through the pores of activated carbon 
and the magnetic properties of the adsorbent on PPAC-Fe3O4 
have increased the number of adsorbed CV dyes. Adsorbate 
is relatively easier to release, so the adsorbent can be used 
repeatedly. Thus the activated carbon from oil palm shells 
has economic value and can be used as an adsorbent in the 
treatment of toxic chemical waste to reduce environmental 
pollution.
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