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a b s t r a c t

Agricultural biomass wastes of longan seed and mangosteen skin were collected as precursors to pre-
pare activated carbons (LS-AC-5 and MS-AC-5, respectively) through carbonization at medium tem-
perature and KOH activation at high temperature. Their pore structures, structural properties and 
surface morphologies were characterized by X-ray diffractometer, Brunauer–Emmett–Teller surface 
measurement system, and scanning electron microscopy, respectively. Effects of contact time and pH 
on adsorption performances of samples were investigated by removal of Pb(II) ions and Rhodamine-b 
from aqueous solutions. Experimental adsorption isotherms of Rhodamine-b and Pb(II) ions on 
LS-AC-5 and MS-AC-5 fitted well with the Langmuir model. Results further showed that MS-AC-5 
exhibited a larger surface area of 2960.56 m2/g and larger portions of micropores and mesopores 
(pore volume of 1.77 cm3/g) than LS-AC-5 (surface area: 2728.98 m2/g; pore volume: 1.39 cm3/g). Max-
imum monolayer adsorption capabilities of 1265.82 and 117.65 mg/g for Rhodamine-b and Pb(II) ions 
on MS-AC-5 were higher than those on LS-AC-5 (1000.20 and 107.53 mg/g), respectively. 
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1. Introduction

Rapid growth of developing countries has accelerated 
the process of water pollution. Each year, mills discharged 
millions of tons of wastewater containing chemicals such 
as heavy metals and dyes by. Various treatment techniques, 
such as adsorption [1–3], membrane filtration [4,5], ion 
exchange [6], reverse osmosis [7,8], advanced oxidation 
[9,10], electrochemical methods, precipitation, and coagula-
tion techniques [11], have been used to control the effluents 
released by mills. Adsorption has long been considered as a 

highly efficient approach for pollution control through sur-
face forces, complexation, and ion exchange mechanisms 
[12]. Various adsorbents such as porous carbon [13–16], 
zeolite [17], resin [18], metal-organic frameworks [19], clay 
mineral [20] and porous silica [21] have been developed for 
removal of contaminants from wastewater because of their 
high availability and efficiency.

Among all the adsorbents, nanostructured porous car-
bons are of considerable interest owing to their large sur-
face areas, well-developed pore structures, high adsorption 
capacities, and cost feasibilities. Porous carbons obtained 
from agricultural biowastes have attracted significant atten-
tion because agricultural wastes are recyclable, inexpensive 
and abundantly available compared with non-renewable 
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coal-based activated carbons. Agricultural biowastes, 
which mainly comprise cellulose, lignin and hemicellulose, 
are also good sources for the production of porous carbon 
adsorbents, simultaneously offering a solution for compre-
hensive and high-value utilization of agricultural wastes. 
Numerous biomasses including coconut shells, seaweeds, 
corn cobs, rice husks, palm shells, bamboo debris, sugar-
cane bagasse, fish scales, animal bones, chicken feathers, 
have been utilized to prepare porous carbons [22–26].

Lead pollution originates mainly from mining, smelt-
ing, lead-acid batteries manufacturing, metal plating and 
finishing, and printing industries. Lead has been proved 
to be one of the most toxic heavy metals and classified as 
a human carcinogen with permissible level of 0.015 mg/L 
in drinking water [27]. Therefore, high demands necessitate 
the development of effective activated carbon absorbents to 
eliminate lead ions from wastewaters. Papaya peels were 
utilized to prepare a novel activated carbon showing a high 
adsorption capacity for 200 mg/L Pb(II) with a removal rate 
of 93% in 2 h [28]. Adsorption performance for Pb(II) ions 
can be successively enhanced by HNO3 oxidized porous 
carbons [29]. Maximum adsorption capacity of lead on 
activated carbon depends on the different sources in the 
range of 50~112 mg/g [30]. Biomass-derived porous carbon 
exhibited a selectivity for the removing Pb(II) compared 
with Cu(II) and Cd(II) from single and binary aqueous solu-
tions via the batch technique [31].

Rhodamine-b pollution can be caused by the printing, 
textile dyeing, paint, and photographic industries [32] 
due to its carcinogenicity, neurotoxicity, chronic toxicity, 
and reproductive toxicity [33]. Although removal of dyes 
in wastewater by biochemical treatment poses difficulty 
because of their complex composition and inert properties, 
adsorption by activated carbon is a particularly effective 
approach. Lythrum salicaria L-based showed 384.62 mg/g 
maximum adsorption capacity for rhodamine-b [34]. Porous 
carbons from by-products of woody biomass gasification 
and rice husks exhibited low maximum and high maxi-
mum adsorption capacities of 189.83 [35] and 518.1 mg/g 
[36], respectively.

The present study aims to produce activated carbons 
from agricultural biowastes of longan seed and mangosteen 
skin through KOH activation. Adsorption performances of 
these two biomass-derived activated carbons for removal 
of lead ions and Rhodamine-b from aqueous solution were 
evaluated based on the physicochemical characteristics of 
the porous carbons and the operating conditions. Adsorp-
tion equilibrium was also explored and fitted by Langmuir 
and Freundlich adsorption models. Finally, adsorption 
kinetics was studied by pseudo-first-order and pseu-
do-second kinetic models to enhance understanding of the 
adsorption mechanism. 

2. Materials and methods 

2.1. Materials

This study utilized commercially available chemical 
reagents. KOH (AR, purity ≥ 85.0%) and HNO3 (AR, 65%) 
were purchased from Tianjin Kemiou Chemical Reagent 
Co., Ltd. Longan seeds and mangosteen skins were col-
lected from a fruit trading center at Guangzhou. 

2.2. Synthesis of activated carbons

Longan seeds and mangosteen skins were firstly 
washed by deioinized water, then oven-dried at 105°C in 
an oven for 24 h, and finally grounded to biomass powders 
by an electric pulverizer. Resultant biomass powders were 
then transferred into corundum boats, which were pre-
liminarily heated in an atmospheric tubular furnace to the 
target temperature at a heating rate of 3°C/min under Ar 
atmosphere (flow rate of 20 mL/min) and held at 450°C for 
120 min. As-prepared biochar was gridded and then homo-
geneously mixed with solid KOH at weight ratios of 1:1, 1:4 
and 1:5. Thereafter, the mixtures were loaded into a nickel 
combustion boat and activated in the Ar atmospheric fur-
nace at 800°C for 2 h with a heating rate of 3°C/min and Ar 
flow rate of 20 mL/min. Then, the activated samples were 
alternatively washed several times with by 15% HNO3 and 
deionized water to remove any inorganic salts or a residual 
KOH and dried at 110°C for 12 h. Finally, the as-prepared 
activated carbons were denoted as LS-AC-x and MS-AC-x, 
respectively, where LS and MS refer to longan seed and 
mangosteen skin, respectively; AC denotes activated car-
bon, and x is the weight ratio of biochar to solid KOH. 

2.3. Characterization methods

The X-ray diffraction (XRD) patterns were collected 
using a Bruker D8 advance diffractometer with monochro-
matic Cu Kα radiation (40 kV, 20 mA) and 2θ angular regions 
between 10° and 80° were recorded at a scan rate of 0.5°/min. 
The specific surface areas of the resultant activated carbons 
were obtained from N2 adsorption-desorption isotherms 
on the Micromeritics ASAP 2020 Brunauer–Emmett–Teller 
(BET) apparatus at liquid nitrogen temperature (77 K). A 
hybrid nonlocal density functional theory (NLDFT) method 
was used to investigate the pore size distributions based on 
the N2 adsorption isotherms by assuming slit pore geom-
etry for the micropores and cylindrical pore geometry for 
the mesopores. The nanostructures of the longan seed and 
mangosteen skin-derived activated carbons were inves-
tigated by field emission scanning electron microscopy 
(FE-SEM, ZEISS Ultra 55). 

2.4. Adsorption experiments

Influence of time on the adsorption performance was 
investigated by separately adding 20 mg adsorbents (LS-
AC-5 or MS-AC-5) into 100 mL Rhodamine-b solution 
(200 mg/L) or Pb(II) solution (10 mg/L) under vigorous stir-
ring at 25°C. Samples were obtained at different time inter-
vals in 120 min. Concentrations of Pb(II) and Rhodamine-B 
were analyzed by a UV/vis spectrophotometer (UV-1800, 
Shimadzu Corporation) at 554 nm wavelength and by an 
atomic absorption spectrophotometer (TAS-986, Beijing 
Persee Corporation) after filtration through 0.45 μm syringe 
filters, separately. Effect of the initial pH of the solution 
on the adsorption was evaluated in the range of 3.0–9.0 
through adjusting by 0.1 M KOH or 0.1 M HNO3. Batch iso-
therm adsorption experiments were performed by a series 
of adsorption experiments using 100 mL Rhodamine-b 
solutions (20~2000) mg/L and 100 mL Pb(II) solutions 
(5~100 mg/L) in the presence of 20 mg of LS-AC-5 and 
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MS-AC-5 under vigorous stirring, respectively. Sample con-
centrations were finally analyzed after 18 h. Langmuir and 
Freundlich models were used to simulate the adsorption 
processes. The Langmuir isotherm is applicable to mono-
layer adsorptions and the Freundlich isotherm expresses 
adsorption at multilayer and on energetically heteroge-
neous surface. Langmuir and Freundlich isotherms can be 
expressed as following Eqs. (1) and (2), respectively:

1e e

m e e L

C C
Q Q Q K

= +  (1)

1
ln ln lnm F eQ K C

n
= +  (2)

where Qe (mg/g) represents the equilibrium adsorption 
capacity, Ce (mg/L) refers to equilibrium concentration, 
Qm (mg/g) is the maximum adsorption capacity; KL and KF 
correspond to equilibrium adsorption constant for Lang-
muir and Freundlich models, respectively, and 1/n is a 
measure of adsorption intensity.

3. Results and discussion

Fig. 1 displays FE-SEM images of microstructures of 
LS-AC-1, LS-AC-4, LS-AC-5, MS-AC-1, MS-AC-4 and 

MS-AC-5 carbons. Fig. 1a and 1d show that at low KOH-
to-biochar ratio, both LS-AC and MS-AC were dominated 
by macropores for both LS-AC and MS-AC activated car-
bons. For LS-AC, a number of meso/micropores were gen-
erated in the nested cavities on the surfaces with increasing 
of the KOH-to-biochar ratio, as shown in SEM images 
from Fig. 1a to Fig. 1c. However, MS-AC exhibited a differ-
ent morphology that is featured by increasing irregularly 
shaped nanosheets as the KOH-to-biochar ratio increases as 
shown in Fig. 1d to 1f. These results indicate that a signif-
icant improvement in meso/microporous morphology has 
occurred in the KOH activation process leading to forma-
tion of substantial number of pores composed of randomly 
oriented microspores or nanosheets. KOH-to-biochar ratio 
markedly affected porosity and pore structure, with poros-
ity increasing rapidly with increasing ratio owing to severe 
reactions between carbon surfaces and KOH as activation 
agent. 

Fig. 2 shows the XRD patterns of the as-synthesized 
LS-AC-1, LS-AC-4, LS-AC-5, MS-AC-1, MS-AC-4 and 
MS-AC-5, respectively. With the KOH-to-biochar ratio, the 
diffraction peaks located at 2θ = 26° and 43° which corre-
spond to (002) and (100) planes, respectively, exhibited 
patterns with a reduced intensity and broadened property. 
This result indicates that stronger activator leads to a higher 
percentage of amorphous structure because of the break-

Fig. 1. SEM images of LS-AC-1, LS-AC-4, LS-AC-5, MS-AC-1, MS-AC-4 and MS-AC-5, respectively. 

Fig. 2. XRD patterns of LS-AC-1, LS-AC-4, LS-AC-5, MS-AC-1, MS-AC-4 and MS-AC-5, respectively. 
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down of graphitic crystalline structures during chemical 
activation.

As shown in Fig. 3, nitrogen adsorption-desorption 
isotherms were used to investigate the BET surface areas 
and the porosities of LS-AC and MS-AC. LS-AC-1, LS-AC-
4, LS-AC-5, MS-AC-1, MS-AC-4 and MS-AC-5 exhibited 
type-I N2 adsorption isotherms showing a steep nitrogen 
gas uptake at lower relative pressure (P/P0 < 0.01) and a 
plateau in the intermediate pressure range. These results 
indicate a microporous nature with a small degree of 
mesoporosity. Hybrid NLDFT model was used to deter-
mine the pore size distribution and total pore volumes by 
assuming cylindrical-pore geometry for the mesopores 
and slit-pore geometry for the micropores according to the 
N2 isotherm adsorption data. Table 1 summarizes the spe-
cific surface areas and pore structures of samples activated 
with varying KOH-to-biochar. On one hand, for LS-AC, as 
the ratio of KOH to biochar was increased, the total pore 
volume increased from 0.47 cm3/g to 1.39 cm3/g, BET 
surface area increased from 803.51 m2/g to 2728.98 m2/g, 
and average pore size decreased from 2.36 nm to 2.04 
nm. On the other hand, for MS-AC, as the ratio of KOH 
to biochar was increased, the total pore volume increased 
from 0.51 cm3/g to 1.77 cm3/g, BET surface area increased 
from 940.24 m2/g to 2960.56 m2/g, and average pore 
size decreased from 2.19 nm to 1.93 nm. These changes 
are attributed to the higher percentages of the activation 
agents that can react with the biochar surface and thus 
facilitate the formation of abundant micropores. All the 
samples exhibited a random pore size distribution with 
several representative peaks centering in the range of < 5 
nm. With an increased percentage of the activation agents, 

biomass-derived porous carbons formed a structure that 
is predominantly microporous and with peaks centers 
at 1.1 nm, 0.5 nm and 1.2 nm for LS-AC-5 and MS-AC-
5, respectively. This structure resulted from insufficient 
amount of activation agent for complete carbon activation 
when KOH-to-carbon ratio is low. With the increasing of 
the ratio, the activation degree was enhanced, and more 
pores were formed according to the following reaction of 
KOH + C → K2O + CO2 + 2H2 + CO + H2O. This outcome 
indicates that activation ratio significantly influences pore 
size distribution and pore volume.

Figs. 4a and 5a present removal rates (%) of 
Rhodamine b and Pb(II) ions on LS-AC-5 and MS-AC-5 as 
a function of contact time. Removal rate of Rhodamine-b 
was gradually increased with the adsorption time from 
22.86% to 76.78% on LS-AC-5 and from 28.59% to 83.16% 

Table 1
Specific surface area and pore structure of samples activated 
with different ratios of potassium hydroxide to biochar

Samples Surface area 
(m2·g-1)

Pore volume 
(cm3·g–1)

Average pore 
size (nm)

LS-AC-1 803.51 0.47 2.36
LS-AC-4 2038.74 1.15 2.09
LS-AC-5 2728.98 1.39 2.04
MS-AC-1 940.24 0.51 2.19
MS-AC-4 2188.30 1.19 2.01
MS-AC-5 2960.56 1.77 1.93

Fig. 3. Nitrogen adsorption-desorption isotherms (a, c) and pore size distribution (b, d) of longan seed and mangosteen skin derived 
porous carbons, respectively.
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on MS-AC-5 in 120 min, respectively. Pb(II) ions was 
considerably removed from the aqueous solution at the 
beginning (<5 min) owing to the high surface areas and 
high amounts of unoccupied active sites (carboxyl and 
phenolic hydroxyl groups) on the activated carbons 
[37,38]. Pb(II) ions adsorption from aqueous solutions 
by activated carbon was highly affected by solution pH. 
Figs. 4c and 5c show that the adsorption capacity was 
increased with increasing pH in the range of 3.0~7.0. 
As pH increases, the activated carbon surface becomes 
more negatively charged within the pH range which 
favorably leading to higher adsorption capacity of cat-
ionic charged Pb(II) ions via electrostatic interaction. 
Analogously, adsorption value was relatively low at pH 
of 3, possibly because of electrostatic repulsion between 
cationic charged Pb(II) ions and the hydrogen ions that 
were released from phenolic hydroxyl groups in the 
adsorption process. However, the pH of the solution 
slightly influenced Rhodamine-b adsorption process 
with the exception at high pH of 9, this result is be incon-
sistent with adsorption behaviors on other adsorbents 
with extremely low surface area [39]. This finding infers 
that high surface area completely dominates during the 
adsorption compared with surface charge of the adsor-
bents. Figs. 4b and 5b compare adsorption isotherms of 
Rhodamine-b and Pb(II) ions on LS-AC-5 and MS-AC-5. 
As depicted from the plots in Figs. 4d and 5d, the val-
ues of the Langmuir isotherm model fit well the experi-
mental data with square of correlations higher than 0.999 
indicating a monolayer coverage of adsorbent surface 
[40]. Table 2 provides isotherm parameters for the Lang-
muir isotherm model. Maximum adsorption capacities 

(Qm, mg/g) of LS-AC-5 for Rhodamine-b and Pb(II) ions 
reaches 1000.20 mg/g and 107.53 mg/g, and for MS-AC-
5, 1265.82 mg/g and 117.65 mg/g, respectively. With its 
higher surface area and pore volume, MS-AC-5 yielded 
higher removal efficiencies of Rhodamine b and Pb(II) 
ions than those on LS-AC-5.

Studies of adsorption kinetics can enhance the under-
standing of the adsorption mechanism. Adsorption kinet-
ics is a physical–chemical process that involves the mass 
transfer and adsorption rate of a solute (adsorbate) from the 
fluid phase to the active sites of the adsorbents. To study 
the adsorption kinetics and mechanism of Rhodamine-b 
and Pb(II) ions on biomass-derived activated carbons, pseu-
do-first-order equation and pseudo-second-order equation 
were used to fit the experimental results. 

The pseudo-first-order equation is as follows:

1(1 )k t
t eq q e−= −  (3)

The pseudo-second-order equation is expressed using 
the following:

2
2

21
e

t
e

k q t
q

k q t
=

+
 (4)

where qt (mg·g–1) represent adsorption capacity for Pb(II) 
ions and Rhodamine-b adsorption capability at a specific 
time of t (min) and qe (mg·g–1) is the equilibrium adsorp-
tion capacity; k1 (min–1) and k2 (g·mg–1·min–1) depict rate 
constants of pseudo-first-order equation and pseudo-sec-
ond-order equation, respectively.

Fig. 6a and 6b show the experimental adsorption 
kinetics curves and fitting curves of both Pb(II) ions and 

Fig. 4. (a) Effect of contact time of LS-AC-5 and MS-AC-5 for Rhodamine-b adsorption; (b) Adsorption isotherms of Rhodamine-b 
on LS-AC-5 and MS-AC-5, respectively; (c) Effect of pH on the removal of Rhodamine-b by LS-AC-5 and MS-AC-5; (d) Langmuir 
fitted curves.
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Fig. 5. (a) Effect of contact time of LS-AC-5 and MS-AC-5 for Pb(II) ions adsorption; (b) Adsorption isotherms of Pb(II) ions on LS-
AC-5 and MS-AC-5, respectively; (c) Effect of pH on the removal of Pb(II) ions by LS-AC-5 and MS-AC-5 ; (d) Langmuir fitted curves.

Table 2
Isotherm adsorption parameters Rhodamine-b and Pb(II) ions on MS-AC-5 and LS-AC-5, respectively

Model Langmuir model Freundlich model

Qm (mg/g) KL (L/mg) R2 n KF (mg1–1/n/g·L1/n) R2

Pb(II) ions on LS-AC-5 107.53 2.04 0.9995 4.86 57.35 0.6735
Pb(II) ions on MS-AC-5 117.65 3.33 0.9999 7.19 78.26 0.8877
RB on LS-AC-5 1000.20  0.47 0.9994 12.44 322.14 0.4253
RB on MS-AC-5 1265.82 0.69 0.9999 6.26 522.91 0.4144

Fig. 6. Adsorption kinetics data and fitted models of (a) Rhodamine-b and (b) Pb(II) ions onto LS-AC-5 and MS-AC-5, respec-
tively.
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Rhodamine-b onto LS-AC-5 and MS-AC-5 at 25°C, respec-
tively. The adsorption of Pb(II) ions and Rhodamine-b 
by the activated carbons rapidly occurred in the range 
of 20~40 min because of the rapid occupation of eas-
ily accessible external surface adsorption sites through 
outer sphere complexation. Subsequently, the adsorption 
capacity stabilized due to the formation of inner layer 
complexes. As shown in Table 3, the correlation coeffi-
cients (R2) of the pseudo-second-order equation exceeds 
that of the pseudo-first-order equation indicating that 
the kinetic adsorption process could be described better 
by the pseudo-second-order kinetic model. Given that it 
explains the external liquid film diffusion, surface adsorp-
tion and intra-particle diffusion processes [41], the pseu-
do-second-order model confirmed that chemisorption is 
the rate-limiting step in kinetic adsorption [42].

4. Conclusions

Two types of activated carbons were prepared from 
fruit-biomass wastes by chemical activation with KOH. 
These activated carbons were characterized in terms of 
surface and structural properties, and then used to reme-
diate the contamination of Rhodamine-b and Pb(II) in 
aqueous solutions. MS-AC possessed larger specific sur-
face area, pore volume and smaller average pore size in 
comparison with LS-AC. Experimental adsorption equi-
librium curves of Rhodamine-b and Pb(II) on LS-AC-5 
and MS-AC-5 were well fitted by the Langmuir isotherm 
model. MS-AC-5 presented the highest adsorption capabil-
ity for the removal of Rhodamine-b and Pb(II) ions from 
aqueous solutions, with maximum adsorption capacities of 
1265.82 and 117.65 mg/g, respectively; these results were 
mainly attributed to its higher surface area and higher num-
ber of micropores. Effects of solution pH on the adsorption 
amount of Pb(II) ions was markedly stronger than that of 
Rhodamine-b.
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