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Abstract
In this study, adsorbent materials were prepared from sugarcane bagasse and modified with thermal treatment and 
chemical activation through activating agents  (ZnCl2 and  H3PO4). The modified adsorbents were then used to remove 
mercury (Hg(II)) from aqueous solutions. Batch adsorption experiments were performed to explore the influence of 
the kinetics, isotherm, and pH, on Hg(II) adsorption. The results demonstrated their high potential for Hg(II) adsorption 
(more than 90%) owing to the various functional groups generated via the thermochemical treatment. The adsorption 
process was best described by the pseudo-second-order kinetics model, the adsorption phenomenon is contemplated 
as a mechanism mixture due to the complex surface of the studied adsorbents, and the maximum adsorption capabilities 
in this study exceeded 11.47 mg g−1. Hg(II) removal is related to the existence of functional groups, such as –COO−, –O−, 
C=C, and C=O, on the material surface that selectively bind the Hg(II) through complexation, electrostatic interaction, 
and complexation with electrons π. Based on these results, the adsorbent materials are determined to be effective for 
eliminating Hg(II) and a valuable alternative for treating water contaminated with mercury.
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1 Introduction

Mercury (Hg(II)) is one of the most toxic heavy metals [33]; 
it causes adverse health effects in organisms upon chronic 
exposure [9] owing to its characteristics of bioaccumula-
tion and high persistence. Anthropogenic activities, such 
as fuel consumption and artisanal gold mining, release 
high concentrations of mercury in air, soil, and water [17, 
88]. Therefore, The World Health Organization (WHO) and 
United States Environmental Protection Agency (USEPA) 
have declared the maximum acceptable concentrations 
of Hg(II) to be 0.002 mg L−1 and 0.001 mg L−1 in drinking 
water, respectively [87, 98]. Because of its toxicity, Hg(II) 
must be removed from water.

Several efficient techniques exist for Hg(II) removal from 
wastewater to meet the permissible limits required by law, 
among which chemical precipitation, reverse osmosis, and 
ion exchange are the most common ones [81]. Although 
these methods perform well, they are expensive, with high 
sludge production and by-product formation [60]. One of 
the most promising techniques is adsorption, because of 
its affordability, high efficiency, and easy operability in 
wastewater treatment plants. For these purposes, selective 

and economical materials with high adsorption capabili-
ties need to be developed [9].

Carbonaceous materials [30], such as activated carbon, 
carbon nanofibers, biochar, carbon nanotubes, and gra-
phene oxides [35, 71, 79, 95], are effective in Hg(II) removal 
from aqueous solutions. Biochar is a carbon-rich material 
that contains various functional and is derived by the 
pyrolysis of waste biomass [15].

In Colombia, approximately 72 million tons of agroin-
dustrial wastes are generated every year [27], which is not 
only an environmental issue but also an economic prob-
lem owing to its high final disposal costs. In the specific 
case of sugarcane bagasse (SB), 7 million tons are gener-
ated per year, of which only a small amount is used for 
manufacturing paper, energy generation activities [12], 
animal feeding, fertilizers among others [11]. Hence, the 
production of adsorbent materials from thermal treat-
ments of agroindustrial residues denotes a very interesting 
utilization for all these wastes.

Many researchers have modified biochar to improve its 
metal adsorption performance [94]. For instance, in chemi-
cal processes, the transformation is generated through 
activating agents, of which the most commonly used, due 
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to their availability and cost, are  ZnCl2 and  H3PO4.  ZnCl2 
is an efficient dehydration reagent that promotes the 
decomposition of carbonaceous materials, induces carbon 
aromatization, and restricts the formation of tars [5, 7, 29, 
67, 73, 96], while  H3PO4 is an oxidizing agent suitable for 
generating various functional groups on the surface [52, 
61, 75, 89].

This activation aims to generate surface area, poros-
ity, and diversity of functional groups, which are highly 
influenced by the preparation conditions of the adsorbent 
material, such as biomass nature, activation temperature, 
activation time, and the impregnation ratio (chemical 
agent: biomass). Therefore, the challenge in the produc-
tion of adsorbents is to produce very specific carbona-
ceous materials that are suitable for certain applications 
[8, 13]. For example, using the same activating agent 
 (H3PO4), surface areas ranging from 9 to 1274 m2 g−1 may 
be obtained by just modifying some of these variables [4, 
38, 49, 57, 58].

Hg(II) adsorption mechanisms are mainly caused by 
complexation, electrostatic interaction, Hg–π bonds or 
ion exchange in the presence of superficial functional 
groups [16, 34, 37, 47, 78, 79, 93]. Therefore, biochar 
needs to be further improved with novel structures and 
well-surface properties, such as functional groups create 
via thermal treatment processes and chemical activa-
tions [25]. Because Hg(II) is mainly attracted by the oxy-
genated groups found in adsorbent materials [3, 79], and 
the carbonization at high temperatures releases surface 
groups that contain oxygen, temperatures below 600 °C 
are ideal for adsorbent materials treatments. In addition, 
several studies have argued that one of the most impor-
tant effects during Hg adsorption is the pH level of the 
solution, where greater removal is obtained at high pH 
values of 5–8 [53, 62, 78, 93]. At low pH values, repulsive 
forces occur because of the competition for adsorption 
sites between hydrogen and Hg(II) ions. When the pH level 
increases, the repulsion among the cations, surface sites of 
the material, and competitive effect of the hydrogen ions 
decreases. Therefore, the uptake of the metal increases 
[40], because the biochar surface contains oxygenated 
functional groups, such as lactonic, carboxylic, and phe-
nolic groups, which are negatively charged at pH values 
greater than 5, thereby causing mercury adsorption [3].

In the present study, a novel, sustainable, economi-
cal, and ecofriendly adsorbent material to remove Hg 
was developed. SB waste was modified through ther-
mal treatment and chemical activation using  H3PO4 and 
 ZnCl2, and the effect of the activation method on Hg(II) 
removal was evaluated. All the experiments were car-
ried out under air calcination conditions, which is a more 
economical method for obtaining adsorbent materials. 
These adsorbents showed higher adsorption capacities 

at low times compared to organic precursors reported in 
the literature for the removal of mercury. The materials 
obtained were characterized; the influence of the pH and 
the capabilities of the material for removing Hg(II) from 
aqueous solutions were assessed through adsorption 
tests using different kinetic and isothermal models that 
also help to describe the adsorption process of Hg(II) 
onto the modified SB waste. With this work, a value-
added product from the valorization of sugarcane resi-
dues was achieved. From the physicochemical charac-
terization as kinetic analysis, isotherms, FTIR, and Raman, 
it was concluded that mercury adsorption on adsorbent 
materials is carried out by a combination of adsorption 
processes, diffusion within pores, and interactions with 
surface functional groups.

2  Methodology

2.1  Materials and preparation

The stem of SB, of the Tahiti or “Otahití” variety, was 
obtained from a local beverage sales shop in the city of 
Medellín. This study used dried SB cut into small pieces 
of ~ 5 mm diameter and washed with abundant distilled 
water to remove impurities and other compounds. Finally, 
the biomass was oven-dried at 105 °C for 12 h and stored 
until use.

2.2  Activation methods

The SB was subjected to a heat treatment in a muffle fur-
nace at 550 °C for 30 min, in order to produce calcined 
sugarcane bagasse (CSB); this sample was then chemically 
activated using  H3PO4 and  ZnCl2. For this purpose, 30 g of 
SB was submerged in a 20%  H3PO4 solution for 5 h. Then, 
the activated sample was placed in an oven at 110 °C for 
12 h, followed by 1 h in a muffle furnace at 300 °C; once the 
sample reached the room temperature, it was washed with 
hot water distilled at 80 °C, until the pH stabilized between 
6 and 7, to obtain the SBH material [28]. On the other 
hand, 30 g of SB was impregnated with  ZnCl2 and stirred 
at 200 rpm for 24 h. Then, the activated sample was placed 
in a muffle furnace at 550 °C for 30 min and submerged in 
HCl, with continuous stirring at 150 rpm for 3 h. After that, 
the sample was washed with distilled water until its pH 
level stabilized between 6 and 7, to obtain the SBZ mate-
rial [64]. Finally, the activated materials with  H3PO4 (SBH) 
and  ZnCl2 (SBZ) were vacuum-filtered, oven-dried at 105 °C 
for 12 h, and macerated until being passed through a sieve 
of particle size < 0.149 mm.
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2.3  Physicochemical characterization

2.3.1  Chemical composition and morphological properties

To determine the biomass composition of SB, a proximate 
analysis was performed using TGA Q500 from TA Instru-
ments. Additionally, an elemental analysis was conducted 
using the ASTM D-5373-08 method using the CHNSO 
TrueSpec® Micro from LECO. The surface area and pore vol-
ume of the adsorbent materials were predetermined using 
the BET method, and the morphology of the materials was 
determined using SEM (Oxford Instruments).

2.3.2  Superficial chemical characterization

To determine the acidic and basic groups in the materials, 
Boehm titrations were performed following a standardized 
method [26], which involved weighing 1 g of the different 
adsorbent materials and adding them to 50 mL of a 0.05 M 
NaOH solution and a 0.05 M HCl solution to determine the 
acidic and basic groups, respectively. The samples were 
constantly agitated at 200 rpm at 25 °C for 24 h and 5 days, 
respectively. At the end of the agitation time, a 10 mL aliquot 
was taken from each sample and titrated, and two drops of 
the indicator were added, using 0.1% methyl red for the base 
and 0.1% phenolphthalein for the acid. Finally, NaOH was 
titrated with 0.05 M HCl, while HCl was titrated with 0.05 M 
NaOH. The PZC was also determined by solid addition [10]. 
Finally, to identify the nature of all functional groups pre-
sent in the modified materials, we used FTIR spectroscopy 
(Spectrum two-PerkinElmer) and a Raman Microscope DXR 
spectrophotometer (Thermo Scientific).

2.4  Adsorption tests

Material performance was assessed by conducting batch-
type adsorption experiments, with agitation at a rate of 
150 rpm using 0.0100 g of the adsorbent materials in 50 mL 
of 1 mg L−1 synthetic solutions of Hg(II) prepared from  HgCl2 
and a pH of 6. This pH was selected because it has been 
reported that wastewater has a pH level between 6 and 9 
[9, 46, 51, 69], and this is the application focus matrix of the 
material developed. The Hg(II) concentration in the sam-
ples after reaching equilibrium was determined by atomic 
absorption using a cold hydride-steam generator (Thermo 
Scientific iCE 3000 Series).

The removal percentage (%R) and adsorption capacity 
(qt) of Hg(II) were estimated using Eqs. 1 and 2, respectively.

(1)%R =
C
0
− Ct

C
0

× 100

where C0 (mg  L−1) is the initial concentration of Hg(II) 
in the solution, Ct (mg  L−1) is the concentration of Hg(II) 
at time t, qt (mg  g−1) is the amount of Hg(II) adsorbed at 
time t, V (L) is the volume of the solution, and w (g) is the 
mass of the adsorbent material.

2.5  Studies of adsorption isotherms

The adsorption experiments were performed at 25 °C 
using 0.0060–0.0140 g of the adsorbent material, 50 mL 
of a Hg(II) solution at a concentration of 1 mg L−1, a pH 
level of 6, agitation at 150 rpm, and equilibrium times of 
120, 240, and 300 min for CSB, SBH, and SBZ, respectively.

The Langmuir [44], Freundlich [24], Temkin [82], and 
Dubinin–Radushkevich [23] isothermal models were 
evaluated according to Eqs.  3, 4, 6, and 7 (Table  1), 
respectively.

2.6  Kinetic studies

Kinetics experiments were performed at 25  °C using 
0.0100 g of the adsorbent materials, 50 mL of a Hg(II) 
solution at a concentration of 1 mg L−1, pH level of 6, 
different contact times from 5 to 480 min, and agitation 
at 150 rpm.

(2)qt =
C
0
− Ct

w
× V

Table 1  Isotherms of equation models

Ce: Hg(II) concentration in equilibrium (mg  L−1); qe: amount of 
Hg(II) adsorbed at equilibrium (mg  g−1); Qm: maximum capacity 
of adsorbate (mg  g− 1); KL: constant of Langmuir (L  g−1); Kf: Freun-
dlich dissociation constant (mg  g− 1); n: constant related to reaction 
intensity; RL: non-dimensional separation factor; Ci: initial concen-
tration of Hg(II) (mg  L−1); b: constant associated with the heat of 
adsorption (kJ  mol−1); KT: Temkin constant (L  g−1); T: temperature 
(K); R: gas constant (0.008314  kJ  mol−1  K−1); qs: theoretical capac-
ity of isothermal saturation (mg  g−1), kad: isothermal constant of 
Dubinin–Radushkevich  (mol2  kJ−2); ɛ: Dubinin–Radushkevich con-
stant; E free energy (KJ  mol−1)

Langmuir Ce

qe
=

1

QmKL
+

Ce

Qm

(3)

Freundlich LogQe = LogKF +
1

n
LogCe (4)

Non-dimensional separation factor RL =
1

1+KLCi

(5)

Temkin qe =
RT

b
LnKT +

RT

b
LnCe

(6)

Dubinin–Radushkevich Ln
(

qe
)

= Ln
(

qs
)

− Kad�
2 (7)

Dubinin–Radushkevich constant � = RT ln
(

1 +
1

Ce

)

(8)

Free energy E =
1

√

2Kad

(9)
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We assessed the pseudo-first-order [43], second-
order [32], intraparticular diffusion [92], and Elovich [45] 
kinetic models using Eqs. 10–13 (Table 2), respectively.

3  Results and discussion

3.1  Physicochemical characterization

3.1.1  Chemical composition and morphological properties

In Table 3, the proximate analysis of the SB biomass can 
be observed. This biomass has a high content of volatile 
material and a fixed carbon content average at ~ 12%, 
which is the amount of carbon available for transforma-
tion through a thermochemical transformation process. 
The high content of elemental carbon (46.5%) indicates 
that SB is a waste that can be considered as a precursor 
while producing adsorbent materials. These results are 
in the range of values reported in the literature for this 
agroindustrial waste [6, 78, 93].

In terms of morphology, the SEM micrographs pre-
sented in Fig. 1 indicate changes in SB before and after 
the transformation processes. The SB micrograph (Fig. 1a) 
shows irregular spaces with rough and uneven appear-
ance, while the materials obtained from the thermal 
treatment (Fig. 1b) and chemically activated using  ZnCl2 
(Fig. 1c) show proper porosity development and a rela-
tively uniform structure. In the surface of the SBH mate-
rial (Fig. 1d), no porosity development can be observed. 

It can be related to the activating method to produce an 
adsorbent since it has been reported that in most of the 
biomass activated with  H3PO4, the materials with greater 
surface areas are those in which the activation tempera-
ture is greater than 600 °C [52, 57, 58]. Therefore, activat-
ing method used for material transformations defines the 
chemical nature of the surface.

The micrographs are related to the values obtained 
from the surface area (Table 4). Herein, for the case of CSB 
and SBZ, values of 182.69 and 182.92  m2 g−1 are obtained, 
respectively, whereas for SB and SBH, values of 5.21 and 
7.44  m2 g−1 are obtained. Consequently, both the chemical 
activation process using  ZnCl2 and thermal treatment are 
very efficient in improving the surface area of this agroin-
dustrial waste. Similar studies have reported comparative 
results [47, 84].

3.1.2  Chemical characterization of the surface

Table 5 presents the quantification of acidic and basic 
functional groups found on the surface of the materials. 
Here, the materials without any chemical treatment (SB 
and CSB) indicate a higher concentration of basic groups, 
while the chemically activated materials (SBZ and SBH) dis-
play a greater number of acidic groups. For SB, the ratio 
between the acidic groups (0.553 mmol g−1) and basic 
groups (0.621 mmol g−1) is 1.1, which indicates almost 
neutral biomass. For CSB, the ratio is 2, which indicates 
that the basic groups predominate, whereas acidic groups 
predominate for SBZ and SBH. Knowledge of the type of 
functional groups helps to predict the pH level at which 
these materials can actively remove Hg(II). Notably, the 
Boehm titration method used herein only considers acid-
ity in phenols, lactones, and carboxylic acids. Hence, the 
number of acidic groups present may even be higher than 
that reported for each material. Therefore, species such 
as quinones and other alcohols, which generate acidity in 
the materials, are not considered in Boehm titration [85, 
93]. Another important parameter to be considered in the 
surface of adsorbent materials is the pH of PZC  (pH(PZC)) 
(see Fig. 2), which refers to the pH at which its net surface 
charge is zero.

Table 2  Equation kinetic models

qt: amount of Hg(II) adsorbed in time t (mg  g−1); qe: amount of 
Hg(II) adsorbed at equilibrium (mg  g−1); t: time (min); k1: pseudo-
first-order adsorption rate constant  (min−1); k2: constant rate of 
pseudo-second order (g  mg−1  min−1); i: intraparticle diffusion rate 
constant (mg  g−1 min−1/2); Ci : constant (mg  g− 1); α: initial rate con-
stant (mg  g−1 min−1); β: desorption constant (g  mg−1)

Pseudo-first order Log
(

qe − qt
)

= Logqe −
k1

2.303
t (10)

Pseudo-second order t

qt
=

1

k2q
2
e

+
t

qe

(11)

Intraparticle diffusion qt = kdi

√

t + Ci
(12)

Elovich qt =
1

�
ln (t) +

t

�
ln (α�) (13)

Table 3  Biomass properties

MV volatile material, CF fixed carbon, N nitrogen, C carbon, H hydrogen, O oxygen, SB sugarcane 
bagasse
a On dry basis
b By difference (O% = 100% − C%–N%–H%)

Biomass Moisture content (%) Proximate analysis (Wt%)a Elemental analysis (Wt%)a

MV CF Ashes N C H Ob

SB 5.43 87.54 12.46 0 0.40 46.50 4.90 48.20
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Fig. 1  SEM micrograph of biomass and activated materials. a Sugarcane bagasse (SB) biomass; b calcined sugarcane bagasse (CSB); c sugar-
cane bagasse activated using  ZnCl2 (SBZ); d sugarcane bagasse activated using  H3PO4 (SBH)

Table 4  Texture properties of the adsorbent materials

Material BET surface area  (m2 g−1) Pore 
volume 
 (cm3 g−1)

SB 5.21 0.002
CSB 182.69 0.081
SBZ 182.92 0.079
SBH 7.44 0.013

Table 5  Surface chemical properties of the adsorbent materials

Material Basic groups (mmol g−1) Acidic groups 
(mmol g−1)

pH(PZC)

SB 0.621 ± 0.019 0.553 ± 0.039 6.650 ± 0.212
CSB 2.220 ± 0.000 1.166 ± 0.079 6.500 ± 0.283
SBZ 0.957 ± 0.019 1.394 ± 0.013 6.450 ± 0.071
SBH 1.288 ± 0.020 1.483 ± 0.059 7.000 ± 0.141

Therefore, when the pH of the system is greater than 
 pH(PZC), the materials are negatively charged and appropri-
ate conditions are generated for electrostatic interactions 
with metal cations (Hg(II)), which favors the adsorption 
process. Some functional groups responsible for this pro-
cess are –COO−and –O−, which are deprotonated under 
these pH conditions. In contrast, when the pH of the sys-
tem is less than  pH(PZC), the material surface is positively 
charged and metal cations are repulsed. Thus, for the sys-
tem studied herein, pH values greater than 5 can possibly 
favor the adsorption process, which agrees with the results 
of previous reports [9, 69].

To have a broader view of all functional groups present 
in the adsorbent materials, FTIR analysis are conducted 
on both the biomass and adsorbent materials. Figure 3 
denotes the FTIR spectra of these materials. Generally, for 
all materials, the same types of signals can be observed; 
signals of the biomass are more intense than those of 
the modified materials. An exception to this is the signal 
at ~ 3346 cm−1, which is easily observed in SB, a material 
that has not undergone chemical alterations, whereas for 
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the activated materials CSB, SBZ, and SBH, this signal dis-
appears. This signal is attributed to the stretching vibra-
tions of –OH, indicating the presence of water along with 
hemicellulose for the specific case of the biomass [21]. 
The decrease in peak intensity for the modified materials 
is associated with the denaturation of the fibers when sub-
jected to thermal treatments, which generate ruptures in 
the compounds bonds and species disintegration [63, 78].

Various FTIR signals indicate the richness of the 
materials in terms of functional groups, among which 
carboxylic acids, aromatic groups, aliphatic chains, alco-
hols, ethers, and esters can be highlighted. For exam-
ple, the signal at ~ 2975 cm−1 demonstrates the pres-
ence of methyl, methylenes, and methoxy groups and 
is related to the stretching vibration of aliphatic C–H 
bonds [56]. Aromatics are evidenced by bands located 

at ~ 1635 cm−1 (C=C) [31] and at ~ 592 cm−1 (C–H) [22]. 
Signals at ~ 1736  cm−1 (C=O), ~ 1025  cm−1 (C–O–R), 
and ~ 1380  cm−1 (C–O) indicate the presence of car-
boxylic acids and esters [56, 63, 14]. Similarly, the band 
located at ~ 1025 cm−1 corresponds to the C–O–H alco-
hols [14]. The band at ~ 1466 cm−1 represents aliphatic 
chains (–CH2 and –CH3) and methoxy groups (O–CH3) 
present in lignocellulosic materials even after chemical 
activation [14]. Notably, the results obtained for SBZ and 
SBH materials present poorly defined signals, showing 
a decrease in the intensity of the bands attributed to 
the oxygenated functional groups, and these results are 
similar to those reported in the literature for adsorbent 
materials obtained using agroindustry waste [1, 2, 8, 41, 
84, 86].

Fig. 2  pH(PZC) of biomass and activated materials. a Sugarcane bagasse (SB) biomass; b calcined sugarcane bagasse (CSB); c sugarcane 
bagasse activated using  ZnCl2 (SBZ); d sugarcane bagasse activated using  H3PO4 (SBH)
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Raman spectroscopy, which is very sensitive to struc-
tural changes that disturb the symmetric transitions gen-
erated in different allotropic forms of carbon, is a comple-
mentary analysis to FTIR. Generally, a wide band between 
1500 and 1550 cm−1 in carbonaceous materials is associ-
ated with bonds between amorphous structures, particu-
larly with carbons exhibiting interstitial defects [36].

The analyzed samples possess two characteristic 
bands of carbonaceous structures (at ~ 1350 cm−1 and 
at ~ 1605 cm−1) (Fig. 4). The signal at 1350 cm−1, known 
as the D band, is related to structural defects (structure 
disorder), while that at 1605 cm−1, known as the G band, 
is related to graphite structures. If the modified materi-
als (CSB, SBZ, and SBH) are compared before and after 
the adsorption process, changes in the intensity can be 
observed in these two bands, thereby indicating variation 
in the carbonaceous structure. The degree of graphitiza-
tion or defects in a carbonaceous material can be esti-
mated by the (ID/IG) relation between the D and G bands 
[97]. Therefore, ID/IG  < 1 values account for a more ordered 
carbonaceous material. Herein, the values obtained from 
the ID/IG ratio are 1.41, 0.59, and 0.71 for CSB, SBZ, and 
SBH, respectively. Consequently, the chemically modified 

materials exhibit a higher order because the activating 
agents improve the distribution of the structures in the 
activation process. Equally, the ID/IG ratios for the materials 
after being used to adsorb Hg(II) are 1.45, 1.42, and 0.64 for 
CSB, SBZ, and SBH, respectively, indicating that the mer-
cury adsorption for the SBZ material directly affects the 
order level in the structure.

A lower ID/IG value indicates more aromatic ring struc-
tures and less carbon-containing defects, which leads to 
the formation of oxygen-containing functional groups 
on the carbon materials surface. The ID/IG ratio for the 
 H3PO4-activated carbon results in a slightly higher value 
than  ZnCl2-activated carbon. This indicates that the use 
of  H3PO4 as an activating agent produces more disor-
dered  sp2 carbon atoms. On the other hand, the precur-
sor possesses fewer aromatic ring structures and more 
carbon-containing defects in the presence of oxygen 
functional groups on the CSB surface. After the sorption 
of mercury, the ID/IG ratio is modified. Since the ID/IG ratio 
of  H3PO4 decreases compared to  ZnCl2 and the precursor, 
a reduction in ID/IG ratio may represent the formation of 
a high-ordered surface, compared to the precursor and 
the  ZnCl2-activated carbon, which shows an increase in 

Fig. 3  FTIR spectra of biomass and adsorbent materials. SB: sugarcane bagasse; CSB: calcined sugarcane bagasse; SBZ: sugarcane bagasse 
activated by  ZnCl2; SBH: sugarcane bagasse activated by  H3PO4
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ID/IG ratio. This behavior is attributed mainly to the surface 
modification, and surface defects can promote a higher 
sorption capacity on the cavities of the porous materials 
[39, 54, 59].

3.2  Adsorption tests

Figure  5 shows the mercury removal performance of 
SB, CSB, SBZ, and SBH under the adsorption conditions 
described in the experimental section. The removal perfor-
mance for the precursor material SB is 21%, and those for 
the modified materials, CSB, SBZ, and SBH, are 95%, 85%, 

and 88%, respectively. This indicates that the activating 
methods to modify the biomass are very efficient and can 
considerably improve Hg(II) adsorption. Additionally, from 
the experimental data of this study, it can be seen that the 
removal performance of Hg(II) is related to the nature of 
the functional groups, rather than to the development of 
porosity and surface area. For instance, the surface area 
for SBZ is 24.5 times greater than the SBH area and both 
have a removal performance of Hg greater than 85%. This 
trend is consistent with that observed in previous reports 
[50, 93]. Additional explanations can be also evidenced by 
the results obtained with the FTIR.

3.3  pH effect

The pH effect is a very important factor in adsorption pro-
cess, particularly in the adsorption of metals. The pH of 
the medium controls the magnitude of the electrostatic 
charges distributed by the metal ion. Therefore, adsorp-
tion capacities can change depending on the pH level of 
the aqueous medium. The variation in the solution pH 
level affects the complexation behavior of the functional 
groups. For example, an increase in pH level (pH > pH(PZC)) 
generates the deprotonation of most of the active func-
tional groups in the adsorption making them effective to 
form complexes with the metallic cation (Hg(II)).

Figure  6 denotes the pH effect on Hg(II) removal 
percentages for the CSB adsorbent material. It can be 
observed that as the pH increases, the removal percentage 

Fig. 6  pH effect on Hg(II) removal using the CSB adsorbent mate-
rial (adsorbent amount: 0.0100  g, Hg(II) concentration: 1  mg  L−1, 
amount of Hg(II) solution: 50 mL, time: 2 h)

Table 6  Parameters of Hg(II) adsorption isotherms with different 
adsorbent materials

Material CSB SBZ

Langmuir
Qm (mg  g−1) 13.55 11.47
KL (L  g−1) 6.96 10.38
RL 0.11 0.08
R2 0.97 1.00
Freundlich
KF (mg  g−1) 16.34 13.13
N 2.13 2.77
R2 0.96 0.96
Temkin
KT (L  g−1) 57.81 106.48
b (kJ  mol−1) 0.77 1.01
R2 0.97 0.99
Dubinin–Radushkevich
Kad  (mol2  kJ−2) 0.02 0.02
qs (mg  g−1) 12.15 10.98
E (KJ  mol−1) 4.78 5.29
R2 0.97 1.00

Fig. 5  Comparison of Hg(II) removal in the adsorbent materi-
als (adsorbent amount: 0.0100  g, Hg(II) concentration: 1  mg  L−1, 
amount of Hg(II) solution: 50 mL, pH: 6, time: 2 h)
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increases from 48 to 71% at pH levels of 4 and 10, respec-
tively. This indicates that at pH around 6, which is closer 
to  pH(PZC), high removal percentages may be obtained. 
Therefore, this pH level has been selected for all stud-
ies. Although a pH level of 4 is not an optimum value for 
adsorption, a 48% removal is evidenced, which may be 
related to ion-exchange mechanisms between  H+ and 
Hg(II), previously reported in the literature [47]. It is well 
known that the positive surface charge decreases as the 
pH level of the solution increases, which generates an 
electrostatic repulsion reduction between the metal and 
adsorbent material surface, thereby allowing for a greater 
removal percentage [46].

3.4  Adsorption isotherm analysis

Through isothermal models, the interaction between the 
metal ion and the adsorbent material, together with the 
adsorption capacity of the materials, can be determined. 
Table 6 provides the CSB and SBZ parameters obtained 
from the four models studied. Herein, R2 is close to 1, 
which denotes that the model fits the data well. RL is a 
Langmuir factor that specifies whether the adsorption 
is favorable. In this case, values are within the 0 < RL < 1 
range, which indicates that the adsorption process is 
favorable, with maximum adsorption capabilities (Qm) 
of 13.55 and 11.47 mg g−1 for CSB and SBZ, respectively. 
According to Langmuir, the Hg(II) adsorption process for 
both CSB and SBZ occurs in homogeneous surface sites. 
Furthermore, values greater than 1 for the Freundlich 
constant n indicate that adsorption is a physical process. 
This synergy between Langmuir and Freundlich indicates 
that Hg(II) is adsorbed by the adsorbent materials through 

different interaction energies, as determined by (1) differ-
ent functional groups and (2) diffusion within the pores. 
Both parameters b (Temkin) [99] and E (Dubinin–Radush-
kevich) [55] exhibit values less than 8 kJ mol−1, suggesting 
the existence of weak physical Van der Waals interactions. 
All these results confirm a mixture mechanism for Hg(II) 
adsorption using the adsorbent materials.

3.5  Kinetic analysis of the adsorption process

The kinetic parameters are essential to predict the rate 
through which Hg(II) is removed from the aqueous solu-
tions, understand the adsorption mechanism, and iden-
tify the step that determines the adsorption rate. Figure 7 
shows the three materials that exhibit fast Hg(II) adsorp-
tion in the first 50 min, i.e., 80% for CSB and SBH and 
60% for SBZ, followed by a slow process until reach the 
equilibrium. This can be related to the existence of a high 
number of active sites (porosity and functional groups) 
available for the adsorption process. In the case of SBH, 
where the surface area is much smaller than those of SBZ 
and CSB, the high removal of Hg(II) is due to the interac-
tion of the metal cation with different functional groups 
present on the material surface. This result is consistent 
with those reported by [93], who demonstrated the effect 
of different functional groups in the adsorption process 
of Hg(II), where biochar with less surface area exhibits 

Fig. 7  Time effect on Hg(II) adsorption on adsorbent materials CSB, 
SBZ, and SBH

Table 7  Kinetic model parameters in Hg(II) adsorption with differ-
ent adsorbent materials

Material CSB SBZ SBH

qe exp (mg  g−1) 4.82 4.01 4.49
Pseudo-first order
k1  (min−1) × 10–2 2.81 2.92 2.10
qe (mg  g−1) 3.21 3.07 1.75
R2 0.97 0.97 0.92
Pseudo-second order
k2 (g  mg−1 min−1) × 10–2 1.67 2.49 3.24
qe (mg  g−1) 5.12 4.05 4.61
R2 1.00 1.00 1.00
Intraparticle diffusion
Kd1 (mg  g−1  min1/2) 0.69 0.20 0.81
C1 (mg  g−1) 0.01 1.16 0.05
R2 0.95 1.00 0.98
Kd2 (mg  g−1  min1/2) 0.18 0.17 0.05
C2 (mg  g−1) 2.87 2.18 3.71
R2 1.00 1.00 1.00
Elovich
β (g  mg−1) 1.09 1.77 1.99
α (mg  g−1 min−1) 1.22 2.17 12.97
R2 0.95 0.87 0.70
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greater effectiveness for Hg(II) adsorption with respect to 
activated carbon with a high surface area. Similar results 
for materials with low surface area and high percent-
ages of mercury removal have been reported [47, 84, 90]. 
After 120, 300, and 240 min, CSB, SBZ, and SBH have cor-
respondingly removed almost 100% of Hg(II) with a final 
concentration < 0.002 mg Hg(II)  L−1, which complies with 
most of the worldwide environmental agencies [98].

To understand the adsorption process, the pseudo-
first-order, pseudo-second-order, intraparticular diffu-
sion, and Elovich kinetic models were used to assess the 
experimental data. Table 7 presents the kinetic parameters 
obtained by each model, where the pseudo-second-order 
model best represents the adsorption process, with values 
of R2 = 1, estimated values of qe close to the experimen-
tal value, and Δqe values of 5.78%, 1.04%, and 2.67% for 
CSB, SBZ, and SBH, respectively. These results suggest that 
chemisorption is a stage that determines the adsorption 
process, which confirms a strong interaction due to com-
plexation through coordinated bonds.

In addition, the intraparticle diffusion model identifies 
the reaction pathways and adsorption mechanisms and 
predicts the stage that controls the adsorption rate. This 
model fits the data well for the three adsorbent materials. 
The values of kd1 are greater than those of kd2 (Table 7) for 
CSB, SBZ, and SBH, indicating that surface adsorption is 

faster than the adsorption within the pores. Furthermore, 
the C1 and C2 values reveal the boundary layer effects, 
wherein for greater values of Ci, there is a greater contri-
bution from surface adsorption to the limiting step of the 
reaction rate. Finally, for all materials studied, the C2 values 
are greater than the C1 values. Therefore, multiple steps 
are involved in the Hg(II) adsorption process, external sur-
face adsorption (chemisorption processes), and diffusion 
within the adsorbent pores. In the literature, similar results 
have been reported for Hg(II) removal using different bio-
chars [69, 74].

3.6  Comparison with other adsorbents

When comparing the maximum adsorption capacity (Qm) 
obtained for the materials transformed herein (Table 8) 
against others recently reported in the literature, it can be 
concluded that SB is a promising source for the production 
of adsorbents with high potential for Hg(II) removal from 
aqueous solutions.

3.7  Adsorption process

Previous studies have proven the existence of various 
mechanisms that govern the adsorption of metals on dif-
ferent types of biochar from water [47]. These mechanisms 

Table 8  Comparison of maximum adsorption capabilities

Precursor material Treatment pH Qm (mg  g−1) Reference

CSB Thermal treatment 6 13.6 In this study
SBZ Chemical activation using  ZnCl2 6 11.5 In this study
Ceiba pentandra hulls Carbonization, steam activation 6 25.9 [35]
Wood chip Pyrolysis 6 57.8 [62]
Hickory chips biochar Pyrolysis 6 5.0 [93]
Bagasse biochar Pyrolysis 6 13.0 [93]
Sugarcane bagasse Washed with deionized water 4 35.7 [40]
Coconut activated carbon Oxidized using  H2O2 7 5.2 [50]
Soybean stalk Pyrolysis 7 0.67 [42]
Phragmites karka Chemical treatment using ethanol, NaOH,  CaCl2 7 2.3 [66]
Brazilian pepper Pyrolysis 6 15.1 [18]
Corn straw Pyrolysis chemical activation using  Na2S 6 5.1 [77]
C. arietinum waste Pyrolysis 7 22.9 [65]
Garlic (Allium sativum L.) Dried in a vacuum oven – 0.6 [20]
S-MWCNT4060 Nitric acid oxidation 7 0.7 [19]
Multi-walled carbon nanotubes – 6.5 13.5 [80]
Cobalt ferrite nanoparticles Síntesis de nanocompuestos de sílice magnética – 11.9 [76]
PEI-AC composite Síntesis de carbón activado con polietilenimina 5 16.4 [72]
Polipirrol-CTS Chemical polymerization of Py in the presence of a chitosan – 40.0 [70]
POSS-SH – 6 46.7 [91]
Guar gum Cross-linked with epichlorohydrin and then oxidized to the 

polydialdehyde
5 41.1 [83]
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depend on biomass nature, thermochemical transforma-
tions, and the conditions during the adsorption process.

Figure  8 shows the spectra and the detailed peak 
assignments of CSB, SBZ, and SBH materials after being 
used in the mercury adsorption process. CSB with the ther-
mal treatment shows an increase in the signals at 2975, 
1736, and 1635 cm−1 because of the addition of mercury, 
while intensity decreases in the signal at 1025 cm−1 after 
adsorption. For chemically activated materials, the differ-
ences in the signals cannot be easily identified because 
of the absence or addition of mercury. However, SBZ evi-
dences an increase in signals at 2975, 1380, and 1025 cm−1, 
whereas SBH evidences an increase in signals at 1736 and 
1025 cm−1.

Overall, there is a clear interaction between Hg(II) and 
the oxygenated functional groups because of the inter-
actions with free pairs of oxygen electrons and the aro-
matic structures (π-type bonds) present in the materials. 
Previous studies have reported that mercury compounds 
exhibit typical FTIR signals at 3500, 1750, and 600 cm−1 
[68]. For the CSB and SBH materials, the band is observed 
at 1750 cm−1, corresponding to the C=O–Hg interaction, 
which is a typical signal reported in the literature for this 
type of process [53, 93]. Using the FTIR analysis, the active 
functional groups in different materials can be identified 
for Hg(II) adsorption.

The above mentioned results suggest the following pre-
dominant Hg(II) adsorption processes on the CSB, SBZ, and 
SBH adsorbent materials (Fig. 9): (1) electrostatic interac-
tion between the Hg(II) metal cation and the negatively 
charged density at the biochar surface, (2) formation of 
(–COO)2Hg and (–O)2Hg complexes because of the interac-
tion between Hg(II) and conjugate bases of the carboxylic 
and phenolic groups (–COO− and –O−), and (3) interactions 
among Hg(II) and π, Hg–Cπ electrons from the graphene 
structure (C=C), and C=O present in the materials. These 
results are in agreement with previously reported studies 
[18, 47, 48, 93] and confirm that oxygenated functional 

groups and aromatic structures (C=C, π electrons) are 
indispensable in the Hg(II) adsorption process.

4  Conclusions

The results of this study demonstrate that SB waste trans-
formed thermochemically is effective for Hg(II) removal. A 
pH level of 6, which is closer to  pH(PZC), was deemed appro-
priate for the adsorption process with a Hg(II) removal rate 
of more than 90%. This study demonstrated that adsor-
bent materials (biochar) with low surface area and rich in 
oxygenated functional groups are effective in removing 
Hg(II). Hg(II) removal is related to the existence of func-
tional groups, such as –COO−, –O−, C=C, and C=O, on the 
material surfaces that selectively bind the Hg(II) present in 
the aqueous solution through complexation, electrostatic 
interaction, and complexation with electrons π. These 
results agree with the kinetic and isothermal parameters, 
indicating that the adsorption process involves multiple 
steps and a mixture of physical and chemical interactions 
generated by the complex surface of the adsorbents stud-
ied herein. We thus conclude that adsorbent materials 
produced from sugarcane residues through simple and 
easily implemented methodologies can be a cost-effec-
tive alternative to using activated carbon to adsorb Hg(II) 
from wastewater.
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