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a b s t r a c t 
The present work studies the effect of carbonization temperature, impregnation ratio and activation 
temperature on the preparation of activated carbon from jujube stones (JB-AC) using potassium hydrox-
ide as an activating agent. Conditions to develop porosity of activated carbon to ameliorate adsorption 
of Rhodamine B and Orange II dyes were investigated. The effect of various experimental parameters 
on adsorption such as time, adsorbent dose, pH and temperature was studied to evaluate adsorption 
capacities of JB-AC. Equilibrium data were analyzed using the well-known Langmuir and Freundlich 
models. The results indicated that the Langmuir isotherm model was found to best fit adsorption data 
of both dyes onto the prepared material. Maximum adsorption capacities of Rhodamine B and Orange 
II onto JB-AC were 207.5 and 498.5  mg/g, respectively. Corresponding results for the commercial 
Merck activated carbon and jujube stones raw material were 133 and 68.4 mg/g for Rhodamine B and 
297.7 and 53.5 mg/g for Orange II. Adsorption kinetics of both dyes followed the pseudo-first-order 
and pseudo-second-order rate models. Thermodynamic parameters study showed that Rhodamine 
B and Orange II sorption process on all adsorbents was spontaneous and endothermic. These results 
show that jujube stones could be valorized into a cost-effective activated carbon that can compete very 
favorably for the removal of dyes such as Rhodamine B and Orange II from their aqueous solutions. 
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1. Introduction 

There are 40,000 dyes and pigments listed in color index, 
with 7,000 different chemical structures [1]. These dyes con-
tain complex aromatic molecular structure, which make 
them difficult to biodegrade. Textile industry, food process, 
cosmetics and pharmaceuticals effluents are colored, repre-
senting resented visible pollution. Dye effluents are highly 

toxic to aquatic life and can cause skin irritation in humans, 
dermatitis, allergy and cancer [2]. The problems associated 
with dye pollution could be reduced by various treatment 
methods including biological, physical and chemical pro-
cesses such as biodegradation [3], coagulation/flocculation 
[4], photodegradation [5], sonochemical degradation [6], 
electrochemical degradation [7] and adsorption [8].

Among these techniques, adsorption is known as one 
of the most efficient processes to remove dyes from waste-
water due to its easy handling, low cost, simple design and 
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nontoxicity. Adsorption is based on the transfer of pollutants 
from solution to adsorbent solid phase [9]. Activated carbon 
is one of the most widely used adsorbents owing to its large 
surface area and highly developed porosity entailing high 
capacity for organic matter adsorption.

The high cost of activated carbon has led to develop 
research in the production of activated carbons from 
renewable and cheaper precursors such as apricot stones 
[10], pomegranate peel [11], tea (Camellia sinensis L.) [12], 
sawdust and rice husk [13], doum stone [14], oil palm shell 
[15] and corncob [16]. Jujube stones are an agro-waste avail-
able in large amounts in Algeria in the early fall. This agro-
waste is generally disposed of without any use apart from 
incineration. In the present work, it is used as a precursor for 
activated carbon preparation as very scarce work has been 
published about this precursor [17].

Rhodamine B (RhB) and Orange II (OII) are basic and 
acid dye, respectively, are effluents from textile and paper 
industries. This study investigates the capacity of an acti-
vated carbon prepared from jujube stones by KOH chemical 
activation for removing RhB and OII. The effect of contact 
time, adsorbent dose and pH on adsorption was studied.

The Langmuir and Freundlich adsorption isotherms 
models were fitted to the experimental data and sorp-
tion kinetics was evaluated using pseudo-first-order, 
pseudo-second-order and intraparticle diffusion models. 
Thermodynamic parameters such as Gibb’s free energy 
(ΔG°), change in enthalpy (ΔH°) and change in entropy (ΔS°) 
were also evaluated.

2. Materials and methods 

2.1. Materials

Jujube stones were collected from the local area of Fornaka 
in Mostaganem in the west of Algeria. The stones were washed 
with distilled water and dried at 110°C overnight. Potassium 
hydroxide (purchased from Sigma-Aldrich-France) of purity 
85% was used as chemical activator for the preparation of 
activated carbon.

RhB was supplied by Merck (Germany) and OII by Fluka 
(Germany).The chemical structures of the dyes are illustrated 
in Fig. 1 and the general characteristics of these dyes are 
given in Table 1. 

2.2. Preparation of adsorbent 

The dried stones were crushed into small particles 
(2–5 mm in size) and carbonized in a Nabertherm L3/C6 fur-
nace at temperatures of 300°C, 400°C, 500°C and 600°C at 
a heating rate of 10°C/min for heating times of 30, 45 and 
60 min. The product was characterized for proximate com-
position, % yield, moisture content (ASTM D2867-70), % ash 
(ASTM D2866-70), % volatile matters (ISO 562-1981) and % 
fixed carbon (ASTM D3172).

The char (12.5  g) was impregnated at 25°C with potas-
sium hydroxide (50 mL) at the following (char:KOH) weight 
ratios 3:1, 2:1, 1:1, 1:2 and 1:3 under continuous overnight 
stirring. The dried samples were then carbonized at tempera-
tures ranging from 500°C to 800°C for 1–3 h, cooled to room 
temperature, washed with hydrochloric acid (HCl 0.1  M), 

rinsed with distilled water and finally in a Soxhlet extractor 
until the pH of washing effluent reached 7. The activated 
carbon samples prepared were grinded using a Vierzen 
Crosshop grinder, sieved through 0.071 mm mesh and stored 
for further studies [19].

The adsorptive performance of the activated carbon pre-
pared (JB-AC) was compared with that of the jujube stones 
raw material (JB-R) and commercial Merck activated carbon 
(MK-AC).

2.3. Adsorbent characterization

2.3.1. Adsorbents porosity and morphology 

Jujube stones-based and commercial activated carbons 
were characterized using the following methods:

•	 Brunauer-Emmett-Teller (BET) surface area determination 
using a Micromeritics ASAP 2020 instrument applied in 
the relative pressure range from 0.01 to 0.05.

•	 The total pore volume was estimated as the liquid vol-
ume of N2 adsorbed at a relative pressure of 0.995.

(a)

(b)

Fig. 1. Chemical structure of (a) Rhodamine B and (b) Orange II.

Table 1
Properties of Rhodamine B and Orange II

Rhodamine B 
(RhB)

Orange II 
(OII)

CI 45,170 15,510
Molecular formula C28H31ClN2O3 C16H11N2NaO4S
Molecular weight (g/mol) 479.02 350.32
Chemical class Cationic dye Anionic dye
Molecular volume (Å3) – 232 [18]
Maximum wavelength 
(nm)a

555 485

aExperimentally obtained values.
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•	 Pore size distributions of the activated carbon samples 
were determined by using nonlocal density functional 
theory (NLDFT) models applied on the adsorption iso-
therms of N2 at 77  K. Additionally, the distribution of 
pores smaller than 0.7 nm (narrow micropores or ultrami-
cropores) was evaluated from CO2 adsorption isotherms 
at 273 K. For that, infinite slit pores model was assumed 
for CO2 adsorption (pores diameter lower than 1.1 nm), 
while finite slit pores model (2D NLDFT model of finite 
slit pores having asymmetric ratio of 12) was used for 
N2 adsorption simulations [20]. N2 adsorption data at 
P/P0 < 0.01 were obtained using incremental fixed doses 
of ~10  cm3/g (STP), setting the equilibration interval at 
300 s. CO2 adsorption data were obtained at P/P0 ranging 
from 4 × 10–4 to 3.5 × 10–2, using 45 s equilibration interval 
because of the quick diffusion of this gas at 273 K [21]. 

•	 Iodine number (mg of iodine adsorbed/g of carbon) and 
methylene blue index (mg of methylene blue adsorbed/g 
of carbon) determination was performed according to the 
ASTM D4607-94 and Chemviron Carbon company meth-
ods TM-11, respectively [19].

2.3.2. Methylene blue available area (SMB) 

Methylene blue adsorption on activated carbons is used 
for specific surface area determination, especially meso-
porosity. A mass of 0.1 g of studied material is mixed with 
25 mL of methylene blue solution at different concentrations; 
the mixture is stirred for 2 h then filtered and analyzed. The 
Langmuir isotherm can be used to calculate the area available 
for Methylene blue by the following Eq. (1): 

S b N S
MMB =
⋅ ⋅ � (1)

where SMB is the specific surface area (m2/g), b is the maximum 
adsorption capacity (mg/g; it can be determined from the 
Langmuir isotherm), N is Avogadro’s number (6.023 × 1023), 
S is the area occupied by a methylene blue molecule (119 Å2) 
and M is the molecular weight methylene blue (319.86 g/mol).

2.3.3. Zero point of charge determination (pHzpc)

The zero point charge of the carbon (pHzpc) is defined as 
the pH of the suspension at which positive or negative charge 
was absent on the surface of activated carbon. It was deter-
mined as follows: a mass of 0.15 mg of each adsorbent was 
introduced into an aqueous NaCl solution (50 mL 0.01 mol/L) 
and the pH was adjusted to successive initial values between 
2 and 12. The suspensions were stirred during 48  h and 
the final pH was measured and plotted as a function of the 
initial pH. The pHZPC is determined at the value for which 
pHfinal = pHinitial.

2.3.4. Functional groups analysis (FTIR)

IR spectroscopic analysis employing the KBr pellet 
technique at room temperature using an IR Prestige-21 
SHIMADZU spectrophotometer in the scanning range of 
4,000–400 cm–1 was performed on the adsorbents to identify 

the principal chemical functional groups present on adsor-
bents surface. 

2.4. Adsorption studies

Organic dye adsorption onto activated carbons has 
been studied by several authors [22,23]. Batch adsorption 
experiments of RhB and OII dyes on the different adsorbents 
prepared (JB-AC, JB-R and MA-AC) were carried out by 
studying the effect of operating parameters such as contact 
time (30–360 min), adsorbent dose (2–20 g/L) and pH (2–12) 
which was adjusted using 0.1 N NaOH or 0.1 N HCl.

In a series of 250 mL capped Erlenmeyer flasks at a room 
temperature 25°C ± 1°C, 25 mL of a dye solution of known 
initial concentration was mixed with a known amount of 
adsorbent. The suspension was magnetically stirred at 
600  rpm until equilibrium was reached, then centrifuged 
at 4,000 rpm for 15 min and the residual dye concentration 
measured by spectrophotometry at maximum wavelength 
shown in Table 1. The amount of dye adsorbed per gram of 
adsorbent (qe) was calculated by the following relationship 
(Eq. (2)):

q
C C

Ve =
−( )0

1 000
eq

m,
� (2)

where C0 and Ceq are the initial and equilibrium dye concen-
trations (mg/L), V is the volume of the liquid phase (mL) and 
m is the mass of adsorbent used (g).

3. Results and discussions 

3.1. Jujube stone activated carbon preparation 

3.1.1. Carbonization 

Carbonization was carried out in the temperature range 
300°C–600°C in a muffle furnace for 30–60  min. Yield (Y), 
moisture (M), volatile matters (VM), ash and fixed carbon 
(FC) percentage values are presented in Table 2. It can be seen 
that yield and volatile matters of jujube stone char decreased 
with carbonization temperature due to dehydration and ther-
mal degradation of cellulose. A large yield decrease (60.13 
down to 27.25) occurred when temperature was increased 
from 300°C to 400°C but for higher temperatures a slow yield 
was observed in agreement with other works [24]. 

Fixed carbon indicates char carbon and increases with 
carbonization temperature and heating time. The ash content 
is a measure of the nonvolatile matter and noncombustible 
component of the char [25]. The jujube stones char prepared 
at 500°C during 60 min containing 25.832% of volatile matters 
and 65.394% of fixed carbon is suitable for the next activation 
step as the percentage volatile matter is convenient in the 
range 20%–25% [26].

3.1.2. Effect of KOH impregnation ratio 

Activated carbon samples were prepared by potassium 
hydroxide as a chemical activating agent at the follow-
ing char:KOH weight ratios 3:1, 2:1, 1:1, 1:2 and 1:3. The 
results of both iodine number and methylene blue index are 
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summarized in Table 3. Iodine number increased regularly 
attaining a maximum of 1,358  mg/g at the weight ratio 1:2 
while the methylene blue index reached 299.35 mg/g at the 
ratio 1:3. The iodine number decrease can be explained by 
a reduction in microporosity. The biological constitution of 
the material used disaggregates and becomes disordered at 
a strong base concentration, which favors pore destruction 
instead of their creation.

3.1.3. Effect of activation temperature and time 

Further tests were carried out by varying the activation 
temperature from 500°C to 800°C at various carbonization 
times (1, 2 and 3 h). From Table 3, it can be seen that burn-
off (%), iodine number and methylene blue index increased 
with temperature between 500°C and 700°C for the range of 
carbonization time investigated. At a temperature of 800°C, 
burn-off increased rapidly up to a maximum value of 84.48% 

with a reduction of both indices. Such a high burn-off which 
would not contribute to the creation of micropores could be 
attributed to a deep activation process that involves burning 
of the wall between neighboring pores [27]. The maximum 
values of iodine number and methylene blue index of 1,358 
and 299 mg/g were obtained for the impregnation ratio 2:1 
(KOH:char) and 700°C activation temperature for a 3 h car-
bonization time.

3.2. Characterization of adsorbents 

The N2 and CO2 adsorption–desorption isotherms of the 
JB-AC and MK-AC are shown in Fig. 2. The JB-AC nitrogen 
adsorption isotherm corresponds to type I isotherms accord-
ing to IUPAC classification [28,29]. It is clear that adsorption 
becomes saturated after very low relative pressure regions 
(P/P0  >  0.2) indicating that JB-AC is a microporous mate-
rial in accordance with the obtained high iodine number 

Table 2
Proximate analysis of jujube stones char at different temperatures and times

Temperature (°C) Time (min) Y (%) M (wt%) Ash (wt%) VM (wt%) FC (wt%)

300 30 60.131 5.655 1.663 60.185 32.495
45 54.193 4.51 0.892 54.743 39.926
60 49.176 3.532 1.641 49.33 45.492

400 30 29.718 8.986 1.751 34.150 55.111
45 28.443 4.198 2.184 32.219 61.398
60 27.256 6.323 1.965 30.735 60.976

500 30 27.393 8.087 2.431 28.507 60.974
45 23.562 5.656 2.216 28.370 63.757
60 23.034 6.487 2.286 25.832 65.394

600 30 21.739 6.141 1.37 12.201 80.285
45 23.171 6.421 2.928 11.889 78.761
60 20.91 6.143 2.23 16.64 74.986

Table 3
Iodine number and methylene blue index values as a function of KOH concentration, and activation temperature at various 
carbonization times 

KOH concentration (char:KOH ratio)
3:1 2:1 1:1 1:2 1:3

Iodine number (mg/g) 853.22 941.44 1,038.66 1,358.05 1,188.24
Methylene blue index (mg/g) 211.36 227.95 242.73 299.02 299.35

Temperature (°C) at various carbonization times (h)a

500 600 700 800 

Carbonization 
time (h)

1 2 3 1 2 3 1 2 3 1 2 3

Iodine number 
(mg/g)

375.43 389.46 392.27 403.58 535.25 600.89 872.26 891.63 1,358.05 1,296.01 1,322.76 1,302.59

Methylene blue 
index (mg/g)

71.82 55.45 78.64 76.36 85.91 61.36 228.75 285.89 299.02 276.73 219.77 217.5

Burn-off (%) 43.63 45.04 46.48 49.28 50.00 50.88 52.64 55.52 58.64 75.52 82.00 84.48
aImpregnation char:KOH ratio 1:2.
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(1,358 mg/g). On the other hand, MK-AC displays type IV iso-
therm behavior [30]. The narrow hysteresis loops is commonly 
associated with the presence of mesoporosity at high relative 
pressures of N2 (0.4 < P/P0 < 1). The pore size distributions of 
JB-AC and MK-AC shown in Fig. 3 were calculated using the 
density functional theory (DFT) model for N2 adsorption at 
77 K and CO2 at 273 K. The pore size distribution of JB-AC 
illustrates a large proportion of pores of diameter <3 nm, with 
lower than 2.0 nm diameter pores accounting for a majority 
percentage. CO2 adsorption isotherms at 273 K were recorded 
for calculating the ultramicropore volume (Vultramicro) because 
the smaller kinetic diameter of the CO2 molecule (CO2: 3.3 Å; 
N2: 3.6 Å) and the adsorption of CO2 at relatively high tem-
peratures is a suitable approach to probe such ultramicropo-
res [31]. JB-AC showed better performance for CO2 adsorption 
than MK-AC with Vultramicro = 0.394 cm3/g. Table 4 summarizes 
the values of the specific surface area, total pore volume, total 
micropore (ultramicropore and supermicropore) volume and 
mesopore volume of the ACs investigated. The obtained BET 
surface area and total pore volume for JB-AC were 1,400 m2/g 
and 0.607  cm3/g while MK-AC corresponding values were 
1,017 m2/g and 0.626 cm3/g, respectively. Micropores roughly 
represent 91% of the total pore volume for JB-AC and 41% 
for MK-AC. JB-AC exhibited a pore volume primarily in the 

micropore range with a small value of mesopore volume 
(Vmeso = 0.051 cm3/g) as well as a high methylene blue index 
(MBindex = 299 mg/g) because the MB molecules are mainly 
adsorbed in the micropores, with a minimum pore size of 
1.33 nm as mentioned in the study of Graham [32].

The pHzpc value for JB-R, MK-AC and JB-AC was found to 
be 5.2, 6.5 and 7, respectively.

Fig. 4 displays the FTIR spectra obtained for the raw mate-
rial (JB-R) and the prepared activated carbon (JB-AC). The IR 
spectra of the MK-AC sample were reported elsewhere [19]. 

Fig. 2. Adsorption/desorption isotherms of jujube stone activated 
carbon (JB-AC) and Merck activated carbon (MK-AC). (a) N2/77 K 
and (b) CO2/273 K. 

Fig. 3. Pore size distributions of JB-AC and MK-AC calculated 
using the DFT model. (a) N2 adsorption at 77  K and (b) CO2 
adsorption at 273 K.

Table 4
Physicochemical characteristics of the adsorbents studied

Property Adsorbent
JB-AC MK-AC JB-R

SBET (m2/g) 1,400 1,017 –
SMB (m2/g) 1,120 800 51
Vporeux total

a
 (cm3/g) 0.607 0.626 –

Vmeso
a
 (cm3/g) 0.051 0.242 –

Vmicro total
a
 (cm3/g) 0.556 0.383 –

Vsupermicro
b

 (cm3/g) 0.165 0.105 –
Vultramicro

c
 (cm3/g) 0.394 0.314 –

Iodine number (mg/g) 1,358 830 200
Methylene blue index (mg/g) 299 173 25
pHzpc 7 6.5 5.2
Ash content (%) 1.69 8.2 1.3

aCalculated from N2/77 K adsorption isotherms. 
bCalculated from N2/77  K adsorption isotherms (0.8  <  pore 
diameter < 2 nm).
cCalculated from CO2 adsorption isotherms at 273  K (0.3  <  pore 
diameter < 0.8 nm).
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The most important functional groups for all adsorbents are 
summarized in Table 5. The FTIR data of raw material indi-
cates the presence of bands at 3,420 cm–1 and in the ranges 
1,630–1,605, 1,384–1,348, 1,240–1,114 and 760–615 cm–1 which 
may be ascribed to the vibration of hydrogen group alcohols 
(–OH), carbonyl groups (C=O) for ketones and carboxylic 
acid, carboxylate ion (COO–), C–O bonds in the alcohols or 
esters and the aromatic rings or C–H bonds, respectively. 
The spectrum for JB-AC shows the new band observed at 
2,925–2,850 cm–1 which can account for C–H stretching vibra-
tions of CH2 groups [8]. The broad band at 3,700 cm−1 may 
be assigned to –OH stretching vibration. The peaks at 1,740–
1,620, 1,460 and 1,118 cm–1 can be attributed to C=O, COO– 
and C–O stretching vibrations, respectively.

3.3. Adsorption parameters

3.3.1. Effect of contact time on adsorption 

In order to determine the contact time necessary for each 
adsorption system to attain equilibrium, experiments were 
conducted in batch mode by mixing 25 mL of dye solution of 
a known concentration with 0.1 g of each adsorbent (JB-AC, 
MK-AC and JB-R) separately. The mixtures were agitated for 
contact times ranging from 30 to 360 min. After filtration, the 
equilibrium concentrations of RhB and OII were determined 
by spectrophotometry. It is clear from Fig. 5 that contact 
times of 40 and 60 min were sufficient for the removal of OII 
and RhB with JB-R, while in the case of JB-AC and MK-AC, 
adsorption increased from 60 to 120  min and thereafter 
became almost constant. The contact time for the removal of 

500 1000 1500 2000 2500 3000 3500 4000
30

40

50

60

70

80

90

100

1605

1240

1348

JB-R

JB-AC

3420

1630
1384

1114

760

615

3700
2925

2850

1740
1460

16201118

624 

T %

Wave number (cm-1)

Fig. 4. FTIR spectrum of the JB-AC and JB-R adsorbents.

Table 5
FTIR spectra band assignments for JB-AC, MK-AC and JB-R

Adsorbent Range (cm–1) Assignment

JB-AC 3,700 Stretching vibration of O–H groups
2,925–2,850 C–H stretching vibrations of CH2

1,740–1,620 C=O stretching band from the carboxyl or ester groups
1,460 Symmetric stretching vibration, carboxylates COO–

1,118 Stretching vibration C–O (of alcohols), =C–O–C= and C–C alkenes
MK-ACa 3,619.8–3,092.8 Stretching vibration of O–H groups

3,021 O–H and –NH3
+ groups

2,147.3 –C=CN, –N=C–H and –N=C=S group
1,517.9 Related to N–H bending and C–N stretching
1,106.6–1,000 C–O bond, characteristics peak for P band
809–841.7 Alkenes, =C–H bond, stretching vibration N=O

JB-R 3,420 Vibration of hydrogen group alcohols (–OH) 
1,630–1,605 Carbonyl group (C=O) for ketones and carboxylic acid 
1,384–1,348 Stretching vibration of carboxylate ion (COO–) 
1,240–1,114 Vibrations of the C–O bonds in the alcohols or esters 
760–615 C–H bonds or aromatic rings 

aFrom Douara et al. [19].
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both dyes was chosen as 180 min. These observations show 
that the rapid adsorption at the beginning may be due to 
the large number of vacant sites available on the adsorbent 
surface but as time proceeds, the emergence of the plateau 
indicates the attainment of the equilibrium process. Similar 
results were reported by Kooh et al. [33]. 

3.3.2. Effect of adsorbent dose

The effect of adsorbent dose on dye removal was inves-
tigated by changing the quantity of adsorbent (JB-AC, 
MK-AC or JB-R) within the range 2–20  g/L while main-
taining all other parameters constant. As shown in Fig. 6, 
the maximum uptake of RhB and OII was obtained at an 
adsorbent dose of 8  g/L onto JB-AC and MK-AC, where 
most of the dyes (>99%) was removed but for JB-R, the cor-
responding adsorbent dose was 8  g/L for RhB and 16  g/L 
for OII. These results show that the percentage removal of 
both colorants increased with adsorbent dose, which can be 
attributed to increased surface area and the availability of 
more adsorption sites [34].

3.3.3. Effect of pH

pH is an important factor in determining the potential 
for adsorption of cationic and anionic dyes as it may affect 
adsorbent surface charge and adsorbate ionization. To assess 
the influence of pH on dye adsorption, adsorption experi-
ments of RhB and OII for various concentrations were carried 
out at 25°C and solution pH varied from 2 to 12 by adding 
either 0.1 N NaOH or 0.1 N HCl. 

The maximum uptake of the RhB was at pH = 2 for both 
activated carbons (JB-AC and MK-AC) and pH = 4 onto JB-R. 
Removal percentage decreased for higher pH values for each 
adsorbent as shown in Fig. 7(a). This can be explained by the 
fact that at pH values lower than 4.5, RhB ions are capable of 
entering into the pore structure while for pH values higher 
than 4.5, the RhB zwitterions may aggregate to form a bigger 
molecular form (dimer) and become unable to enter into the 
adsorbent pore structure. In the water, the greater aggrega-
tion of the zwitterionic form is due to the attractive electro-
static interaction between the carboxyl and xanthane groups 
of the monomer [35].

As shown in Fig. 7(b), the percentage dye removal 
decreased only from 99.93% to 82.44% and from 85.21% to 
75.28% onto JB-AC and MK-AC, respectively, for the same 
concentration (C = 2,800 mg/L). This result shows that JB-AC 
is a potentially performant adsorbent for dyes of this kind.
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Fig. 5. Effect of contact time on adsorption of (a) RhB and (b) OII 
by all three considered adsorbents.

Fig. 6. Effect of adsorbent dose on adsorption of (a) RhB and 
(b) OII by the adsorbents investigated.
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The maximum percentage dye removal for OII was recorded 
at pH  =  2 for all adsorbents. For a pH less than pHzpc, the 
charge at the adsorbent surface is positive which has the 
effect of attracting the negative portion of the anionic dyes 
[36,37]. pHpzc values for the three adsorbents JB-R, MK-AC 
and JB-AC were 5.2, 6.5 and 7, respectively. 

3.4. Adsorption isotherms

To optimize the design of an adsorption system for the 
adsorption of adsorbates, it is important to establish the most 
appropriate correlation for the equilibrium curves. Various 
isotherm equations such as Langmuir and Freundlich 
adsorption isotherms were used. Langmuir isotherm 
assumes the energy of adsorption on the surface of the sites 
within the adsorbent is uniform and no interaction between 
the adsorbed molecules, even on adjacent sites [38]. The non-
linear form of the Langmuir (Eq. (3)) adsorption isotherm is 
given as:

q b K C
K Ce
L e

L e

=
+1

� (3)

which can be linearized to: 

C
K b

Ce

e L
eq b= +1 1
� (4)

where qe is amount of dye adsorbed per unit weight of adsor-
bent (mg/g) and Ce is the equilibrium concentration of dye 
(mg/L). The nonlinear plot of qe vs. Ce as well as the linear plot 
of Ce/qe vs. Ce allows both the maximum adsorption capac-
ity corresponding to complete monolayer coverage b (mg/g) 
and the Langmuir constant related to adsorption energy 
KL (L/mg) to be obtained.

The essential characteristics of the Langmuir isotherm 
can be expressed in terms of a dimensionless factor called 
equilibrium parameter (RL, also called separation factor) 
which is defined by the following Eq. (5): 

R
K CL
L

=
+
1

1 0

� (5)

where C0 (mg/L) is the initial adsorbate concentration and 
KL (L/mg) is the Langmuir constant related to the energy of 
adsorption. The value of RL indicates the shape of the iso-
therm to be either unfavorable (RL > 1), linear (RL = 1), favor-
able (0 < RL < 1) or irreversible (RL = 0) [39].

The second model used here is the Freundlich model 
[40]. The Freundlich model has been widely used to describe 
adsorption data on heterogeneous adsorbent surface. In this 
case, it is assumed that the stronger binding sites are occupied 
first and that the binding strength decreases with an increas-
ing degree of site occupation. The nonlinear form of the 
Freundlich isotherm is represented by the following equation:

q K Ce F e
n= 1/ � (6)

whereas the linear form is given by:

log log logq K
n

Ce F e= +
1 � (7)

where KF and n are the physical constants of the Freundlich 
isotherm can be obtained by plotting qe vs. Ce or logqe vs. 
logCe. KF is the constant indicative of the relative adsorption 
capacity of the adsorbent 1/n of the adsorption intensity and 
of the type of isotherm, that is, irreversible (1/n = 0), favorable 
(0 < 1/n < 1) and unfavorable (1/n > 1).

As can be seen from Fig. 8, the equilibrium amount adsorbed 
increased with dye concentration and became almost steady 
value for equilibrium concentrations exceeding 400 mg/L. Figs. 9 
and 10 show the linearized forms of both models. The adsorp-
tion of both dyes obeys the Langmuir isotherm model with 
determination coefficients R2 higher than 0.99 for all the adsor-
bents studied, which confirms the applicability of the Langmuir 
model for the considered adsorbents, except the adsorption of 
the RhB onto JB-R with R2 = 0.96 where adsorption data can be 
better described by the Freundlich equation with R2 > 0.99.

Fig. 7. Effect of pH on adsorption of (a) RhB and (b) OII by all 
three considered adsorbents.
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Table 6 summarizes the values of the linearized and 
nonlinear isotherms calculated parameters. The nonlinear 
calculated values give slightly lower values than the linear 
ones but both methods can be applied. The results obtained 
of the RL values were in the range between 0 and 1, which 
shows that adsorption of RhB and OII on the adsorbents was 
favorable. The high values of KF indicated that JB-AC and 
MK-AC had a higher adsorption capacity and affinity for RhB 
and OII. The values of the exponent 1/n were in the range of 
0 and 1, indicating favorable adsorption of both dyes.

The higher adsorption capacities of 207.54 and 498.5 mg/g 
for RhB and OII onto JB-AC as determined from nonlin-
ear Langmuir model fitting in comparison with MK-AC 
show porosity and specific surface area were significantly 
enhanced by potassium hydroxide activation. JB-AC also 
competes favorably with many other adsorbents as shown 
in Table 7.

3.5. Adsorption kinetics

To control the residence time of adsorbate uptake at 
the solid–solution interface, three kinetic models, namely, 
the pseudo-first-order, pseudo-second-order and intrapar-
ticle diffusion models [47,48] were investigated and can be 
expressed in their nonlinear and linear forms respectively as: 

•	 Pseudo-first-order model:

q q et e
K t= − −( )1 1 � (8)

Fig. 8. Adsorption isotherms for (a) RhB and (b) OII onto the 
adsorbents studied. 

Fig. 9. Linearized Langmuir adsorption isotherms for (a) RhB 
and (b) OII for the adsorbents studied.

Fig. 10. Linearized Freundlich adsorption isotherms for (a) RhB 
and (b) OII for the adsorbents studied. 
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log log
.
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•	 Pseudo-second-order model:

q
q K t
q K tt
e
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+
e
2

2

21 � (10)

t
q K q q
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1 1

2
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•	 Intraparticle diffusion model:

q K t Ct = +in
1 2/

� (12)

where qt and qe are the adsorption capacities at time t and at 
equilibrium (mg/g), respectively; K1 is the rate constant of the 
pseudo-first-order model for adsorption (min–1), the values 
of K1 and qe were obtained from the slope and intercept of 
plots of qt vs. t or log(qe − qt) vs. t. K2 is the rate constant of the 
pseudo-second-order model for adsorption (g/mg min), the 
values of K2 and qe were calculated from the slope and intercept 
of plots of qt vs. t or t/qt vs. t. C is the intercept of the qt vs. t1/2 plot 
and Kin is the intraparticle diffusion rate constant (mg/g min1/2).

In order to elucidate the adsorption kinetic process of RhB 
and OII on all three adsorbents, two different concentrations for 
each adsorbate were tested. Table 8 summarizes the parameters 
and coefficients of the pseudo-first-order, pseudo-second-order 
kinetic and intraparticle diffusion models. The results show 
that the determination coefficients values (R2) were close or 
equal to 1 for the pseudo-second-order model for the linear or 
nonlinear models. Furthermore, the experimental qe (qe(exp)) 
and the calculated qe (qe(cal)) values for both dyes used in this 
study were very close to one another. On the other hand, cal-
culated values from the linearized pseudo-first-order model 
did not correspond to experimental values, contrary to non-
linear calculated values, which reflect more realistic situations. 
It can be said that both kinetic models (pseudo-first-order and 
pseudo-second-order models) can describe the adsorption 
kinetics of RhB and OII on the adsorbents investigated, and 
hence the physical and chemical adsorption processes may 
both be involved in the overall adsorption process [47,49].

3.6. Removal mechanism

The adsorption process may involve three important 
steps, namely, film diffusion, intraparticle pore diffusion and 
the actual adsorption step. 

Table 6
(a) Linear and (b) nonlinear Langmuir and Freundlich parameters for the removal of the RhB and OII by the adsorbents studied

Adsorbent Adsorbate Langmuir Freundlich
b (mg/g) KL (L/mg) RL R2 KF (mg/g) n R2

(a) Linear Langmuir and Freundlich parameters

JB-AC RhB 250 0.666 0.0006 0.99 150.31 13.51 0.95
OII 500 0.666 0.0003 0.99 370.68 18.86 0.94

MK-AC RhB 142.85 0.212 0.0020 0.99 93.32 13.15 0.9
OII 333.33 0.75 0.0003 0.99 225.94 20.83 0.89

JB-R RhB 58.82 0.008 0.0720 0.96 1.72 1.94 0.99
OII 52.63 0.015 0.0320 0.99 2.20 2.03 0.93

(b) Nonlinear Langmuir and Freundlich parameters
JB-AC RhB 207.54 6.36 0.92 152.74 13.32 0.86

OII 498.5 1.3 0.99 370.62 18.73 0.94
MK-AC RhB 133.09 47.29 0.96 93.38 13.13 0.92

OII 297.71 4.355 0.90 226.13 21.03 0.88
JB-R RhB 68.36 0.0035 0.98 1.73 0.513 0.98

OII 53.57 0.012 0.98 2.20 0.49 0.94

Table 7
Maximum capacities for adsorption of RhB and OII by various 
adsorbents

Adsorbate Adsorbent Maximum 
capacity (mg/g)

Reference 

RhB Maranta 
arundinacea AC

88.4 [2]

Rice husk-based 
AC

478.5 [41]

Moringa oleifera 
bark carbon

114.68 [42]

Aleurites 
moluccana seeds

117 [43]

Jujube stone-AC 
(JB-AC)

207.5 This study 

OII Titania aerogel 420 [44]
Tomato waste 312.5 [36]
Clam shell 1,017.13 [45]
Rice husk ash 59.1 [46]
Jujube stone-AC 
(JB-AC)

498.5 This study
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Table 8
(a) Linear and (b) nonlinear kinetic parameters for the adsorption of OII and RhB by adsorbents studied

Dye Adsorbent
JB-AC MK-AC JB-R

(a) Linear kinetic parameters
RhB Concentration (mg/L) 1,200 1,300 800 900 10 20

qe (exp) (mg/g) 149.92 162.13 99.96 112.23 1.167 2.27
Pseudo-first-order
qe (calc) (mg/g) 82.03 72.49 11.66 14.22 0.14 0.17
K1 (min–1) 0.052 0.032 0.043 0.023 0.046 0.039
R2 0.99 0.98 0.98 0.97 0.97 0.96
Pseudo-second-order 
qe (calc) (mg/g) 153.84 166.49 100.00 111.11 1.11 2.28
K2 (g/mg min) 0.00014 0.0007 0.010 0.003 0.838 0.663
R2 0.99 0.99 1 1 1 1
Intraparticle diffusion 
Kin (mg/g min1/2) 1.765 2.922 0.395 1.070 0.022 0.026
C (mg/g) 132.06 129.90 95.91 100.46 1.001 2.027
R2 0.92 0.99 0.97 0.99 0.93 0.97

OII Concentration (mg/L) 2,800 3,000 1,800 2,000 100 200
qe (exp) (mg/g) 349.87 374.42 244.92 249.73 6.01 11.85
Pseudo-first-order
qe (calc) (mg/g) 15.20 41.59 2.56 12.56 0.17 0.06
K1 (min–1) 0.041 0.036 0.029 0.027 0.12 0.92
R2 0.90 0.91 0.93 0.80 0.94 0.93
Pseudo-second-order 
qe (calc) (mg/g) 350.87 378.78 225.22 250.00 6.02 11.85
K2 (g/mg min) 0.006 0.002 0.019 0.006 1.531 0.172
R2 1 1 1 1 1 1
Intraparticle diffusion 
Kin (mg/g min1/2) 0.238 1.015 0.099 0.563 0.021 0.170
C (mg/g) 347.3 363.73 223.87 243.58 5.891 10.817
R2 0.99 0.90 0.99 0.98 0.90 0.88

(b) Non linear kinetic parameters
RhB Concentration (mg/L) 1,200 1,300 800 900 10 20

qe (exp) (mg/g) 149.92 162.13 99.96 112.23 1.167 2.27
Pseudo-first-order
qe (calc) (mg/g) 148.49 158.39 99.03 109.93 1.093 2.22
K1 (min–1) 0.0852 0.072 0.0287 0.15045 0.15045 0.626
R2 0.99 0.93 0.99 0.97 0.76 0.41
Pseudo-second-order
qe (calc) (mg/g) 157.95 171.13 100.49 113.18 1.131 2.18
K2 (g/mg min) 0.00106 0.0007 0.01016 0.00406 0.406 0.208
R2 0.99 0.98 0.99 0.99 0.99 0.41

OII Concentration (mg/L) 2,800 3,000 1,800 2,000 100 200
qe (exp) (mg/g) 349.87 374.42 244.92 249.73 6.01 11.85
Pseudo-first-order
qe (calc) (mg/g) 349.32 371.68 224.7 248.13 5.99 11.65
K1 (min–1) 0.18137 0.137 0.24275 0.1988 0.906 0.592
R2 0.99 0.91 0.99 0.83 0.60 0.77
Pseudo-second-order
qe (calc) (mg/g) 354.28 382.5 225.99 250 6.02 11.88
K2 (g/mg min) 0.0025 0.00108 0.001024 0.1 1.996 0.2285
R2 0.99 0.99 0.99 0.99 0.90 0.96
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The diffusion mechanism of the adsorption cannot be 
identified by the pseudo-first-order and pseudo-second-order 
kinetic models, and the kinetic results can be analyzed by 
applying the intraparticle diffusion model [50]. Applying 
this model, the plots qt vs. t1/2 by Weber and Morris [48] for 
two solute concentrations were used to calculate Kin from the 
slope and the C parameter are also reported in Table 8. In 
Fig. 11, the linear plots (qt vs. t1/2) did not pass through the 
origin, showing that the intraparticle diffusion was not the 
only rate controlling step [51,52]. The surface chemistry is 
as important as the specific surface area in the dye removal 
process. The presence of electron rich groups (carboxyls and 
carbonyls) on the surface of the activated carbon may be 
responsible for electrostatic interactions with electronegative 

groups of the RB molecule, but hydrogen bonding along with 
weak van der Waals forces may also be involved. As for OII, 
interactions between carboxyls and the positively charged 
groups (OH2

+ and –NN+) present on the dye molecule can 
account for the strong adsorption process observed. Since 
both physical and chemical kinetic models can be applied, it 
can be noted that the removal mechanism is a complex phe-
nomenon as observed in different works [30,36].

3.7. Thermodynamic parameters

Thermodynamic parameters such as the standard 
enthalpy change (ΔH°), the standard entropy change (ΔS°) 
and the Gibbs’ free energy change (ΔG°) were determined 
to estimate the effect of temperature on the adsorption of the 
RhB and OII. The thermodynamic parameters were calcu-
lated from Eqs. (13)–(15) [53]:

K
C
Cd
s=
eq

� (13)

∆G RT Kd° = − ln � (14)

lnK S
R

H
RTd =

°
−

°∆ ∆
� (15)

where R (8.314 J/mol K) denotes the universal gas constant, 
T (K) is the absolute temperature, Kd the distribution coeffi-
cient, Cs is the amount of dye (mg) adsorbed on adsorbent per 
liter of solution at equilibrium and Ceq is the equilibrium dye 
concentration (mg/L). ΔH° (kJ/mol) and ΔS° (kJ/mol K) were 
obtained from the slope and intercept of the van’t Hoff plot 
of lnKd vs. 1/T (figures not shown).

Table 9 displays the thermodynamic parameters at three 
various temperatures (298, 303 and 313 K). The values of ΔG° 
were negative, demonstrating spontaneous and thermody-
namically favorable adsorption. The adsorption process is 
viewed as physiosorption, when ΔH° is less than 20 kJ/mol, 
as chemisorption when ΔH° is in the range of 80–200 kJ/mol 
according to previous reports [41,54]. The results show that 
ΔH° of RhB and OII onto JB-AC was between 83.96 and 
101.77 kJ/mol and adsorption process was endothermic. The 
values of ΔH° between 20 and 80  kJ/mol suggest that the 
adsorption of RhB and OII on MK-AC was rather physio-
sorption. The positive values of ΔS° suggest increased ran-
domness at the solid–liquid interface as adsorption occurs.

Fig. 11. Plots intraparticle diffusion model of (a) RhB and (b) OII 
adsorption.

Table 9
Thermodynamic parameters for the adsorption of OII and RhB by adsorbents studied

Adsorbate Adsorbent –ΔG° (kJ/mol) ΔH° (kJ/mol) ΔS° (kJ/mol K)
298 (K) 303 (K) 313 (K)

RhB JB-AC 14.449 16.102 20.241 101.769 0.390
MK-AC 10.792 12.626 15.381 79.119 0.302
JB-R 1.394 1.547 1.837 7.4 0.03

OII JB-AC 12.838 14.826 17.781 83.967 0.325
MK-AC 8.184 8.991 11.144 51.36 0.200
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4. Conclusion 

This study has dealt with the removal of RhB and OII 
dyes from their aqueous solutions by activated carbon pre-
pared from jujube stones. The activated carbon prepared 
under the following conditions: The jujube stones char 
prepared at 500°C during 60  min, impregnation ratio 2:1 
(KOH:char) and 700°C carbonization temperature for a 3 h 
activation time exhibited high porosity with a surface area, 
iodine number and methylene blue index of 1,400  m2/g, 
1,358 mg/g and 299 mg/g, respectively. Equilibrium adsorp-
tion data were well defined by the Langmuir isotherm model 
for the adsorbents investigated. The maximum adsorption 
capacities of RhB and OII were 207.5 and 498.5  mg/g onto 
the prepared jujube stone activated carbon while correspond-
ing values of 133.09 and 297.7  mg/g were obtained for the 
commercial Merck activated carbon. Moreover, adsorption 
kinetics of both dyes was successfully described by both the 
pseudo-first-order and pseudo-second-order rate models for 
the adsorbents investigated.

The calculated thermodynamic parameters (ΔG°, ΔH° 
and ΔS°) showed that adsorption of RhB and OII on both 
activated carbons was spontaneous and endothermic. 

The highly developed porosity as well as the high surface 
area obtained for the activated carbon prepared from jujube 
stones resulted in high dye removal capacity, which makes it 
a promising novel adsorbent that can be utilized successfully 
for treating dye-laden industrial effluents.
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