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a b s t r a c t
The purpose of this study was to evaluate the efficiency of chemically treated (NaOH or HCl) cactus 
for the removal of Zn2+ and Mn2+ ions from aqueous solution via biosorption. The characteristics of the 
adsorbents were studied using Fourier transform infrared (FTIR) spectroscopy, X-ray photoelectron 
spectroscopy, scanning electron microscopy, and Brunauer-Emmett-Teller analyses. In addition, 
the effects of biosorbent dose, initial metal ion concentration, contact time, initial solution pH, and 
temperature were investigated. Adsorption kinetics, equilibrium, and isotherm studies were also 
conducted. The FTIR results indicated that chemical treatment changed the stretching vibration. 
The elemental analysis showed that NaOH treatment increased the oxygen content by 56.91% and 
decreased the carbon content by 26.44%. The highest removal efficiencies of Zn2+ and Mn2+ were found 
with the NaOH-treated cactus, followed by the HCl-treated cactus. The biosorption efficiency of Zn2+ 
increased from 36.0% to 95.9% and from 36.0% to 84.6% when the raw biosorbent was treated with 
NaOH and HCl, respectively. For Mn2+, the biosorption efficiency increased from 33.2% to 88.6% 
and from 33.2% to 71.0% when the raw biosorbent was treated with NaOH and HCl, respectively. 
Moreover, a rapid increase in binding efficiency was observed under conditions of pH up to 5, with 
Zn2+ adsorption greater than that of Mn2+. Metal ion biosorption increased with increasing contact 
time and initial metal ion concentration. The pseudo-second-order model was more appropriate than 
the pseudo-first-order model for explaining the biosorption processes of Zn2+ and Mn2+ by cactus due 
to its higher R2 value. From this study, it can be concluded that chemical pretreatment of raw cactus 
(Opuntia) with NaOH strongly enhanced its biosorption potential for the studied metals.
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1. Introduction

The industrial discharge of heavy metals into the aquatic 
environment from industries such as metal plating, mining, 
fertilizer production, textile manufacturing, and tanneries 
is causing severe environmental pollution. The disposal of 
industrial effluents into natural waters causes damage to the 
aquatic environment and presents a risk to human health, 
with even small amounts of certain metals known to cause 

severe physiological effects [1,2]. Removal of heavy metals 
from wastewater has progressed significantly in recent years 
and has been applied to protect the environment and human 
health.

To date, several treatment methods for metal ion removal 
from aqueous solutions have been established, i.e., chem-
ical precipitation, chemical oxidation and reduction, ion 
exchange, filtration, electrochemical treatment, reverse osmo-
sis, evaporative recovery, and solvent extraction. However, 
most of these methods are expensive, and their use is often 
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restricted because cost factors override the importance of 
pollution control. This makes their application unfeasible for 
local communities in nonindustrialized countries. Among 
available water treatment technologies, biosorption offers 
several advantages owing to its convenience, ease of oper-
ation, and simplicity of design [3,4]. It is also eco-friendly 
because, instead of generating toxic sludge [4], biosorbents 
have various functional groups that can bind to heavy metal 
ions, such as hydroxyl, amino, carboxyl, phosphate, sulfonate, 
and ether groups [5]. However, raw biosorption materials 
may also possess groups that inhibit biosorption capacity; 
thus, chemical elimination of these inhibiting groups may 
produce more effective biosorbent materials [5,6]. Chemical 
pretreatment with base and acid solutions has been preferred 
owing to its simplicity and efficiency [7,8].

In the present study, the application of chemically treated 
cactus (Opuntia), which is regarded as native to Mexico and 
considered an invasive plant in countries including Ethiopia, 
Eritrea, South Africa, and several Mediterranean countries, 
was investigated. Cactus (Opuntia) provides considerable 
socioeconomic benefits to rural economies; its fruits and 
stems are used in traditional medicines in several countries 
for treatment of conditions such as diabetes, hypertension, 
asthma, ulcers, rheumatic pain, inflammation, wounds, 
joint pain, stress, and fatigue [9–13]. Opuntia has received a 
large amount of attention for application in water treatment 
[14,15]. To our knowledge, Opuntia was first used for the 
biosorption of Mn2+ from water, with the highest reported 
removal efficiency of 36.0% with 0.5 g of biosorbent [16]. 
However, studies on the possibility of increasing the removal 
efficiency of heavy metals by applying modified Opuntia and 
the surface characteristics of such a modified biosorbent are 
not prevalent in the literature.

The objectives of this study were to (1) characterize the 
modified cactus (HCl-treated cactus and NaOH-treated cac-
tus) using a range of characterization techniques and (2) to 
determine the biosorption efficiency of chemically treated 
cactus for the removal of Zn2+ and Mn2+ ions from aqueous 
solution. Tests were conducted to investigate a range of 
parameters, including biosorbent dose, solution pH, contact 
time, and initial ion concentration.

2. Materials and methods

2.1. Materials

A cactus pad was collected from an area located close 
to Mekelle University, Ethiopia. Solutions of Zn2+ and Mn2+ 
used in the biosorption experiment were prepared using 
zinc(II) chloride (Duksan Chemical Co., Ltd, Korea) and 
manganese(II) chloride (Sigma-Aldrich, USA), respectively, 
while NaCl (99.5%) and HCl (30%) were purchased from 
Sigma-Aldrich (USA). All other chemicals used were reagent 
grade and purchased from Sinopharm Chemical Reagent 
Co., Ltd. (China). Deionized distilled water was used in all 
experiments.

2.2. Preparation and characterization of biosorbents

The raw cactus pad was washed with distilled water 
several times, sliced into smaller pieces, and then dried in an 
oven at 80°C for 24 h. The resultant dried cactus was ground, 

sieved using a 1.25-mm sieve, and then stored at 4°C. For 
the chemical pretreatment, 10 g of raw cactus powder was 
treated with 100 mL of a 1M solution of NaOH or HCl for 2 h. 
The suspension was then filtered and washed with distilled 
water until neutral pH was reached and then dried at 80°C 
for 24 h. The pretreated cactus was then stored in glass bot-
tles and labeled as either NaOH-treated cactus or HCl-treated 
cactus, as appropriate.

To analyze the characteristics of the biosorbents, Fourier 
transform infrared (FTIR) spectroscopy (Nicolet 6700 spec-
trometer, Thermo Fisher Scientific, USA), X-ray photoelectron 
spectroscopy (XPS; VG Microtech ESCA 2000 system, JEOL 
Ltd., Japan), field emission scanning electron microscopy 
(SEM; JSM-7600F, JEOL Ltd., Japan), and Brunauer-Emmett-
Teller (BET) analyses (Autosorb-iQ-MP, Quantachrome 
Instruments, USA) were used.

2.3. Biosorption experiment

The biosorption experiment was conducted using stock 
solutions (1,000 mg/L) of Zn2+ and Mn2+, which were diluted 
in deionized distilled water to the required concentrations 
before use. The effects of 0.1–4 g doses of raw cactus, HCl-
treated cactus, and NaOH-treated cactus were evaluated 
under fixed experimental conditions of 40 mL aqueous solu-
tions of Zn2+ and Mn2+, respectively, with an initial concentra-
tion of 10 mg/L placed in 50-mL conical tubes and shaken at 
150 rpm at 25°C for 24 h. To evaluate the effect of contact time 
on Zn2+ and Mn2+ adsorption, a 0.5 g/L dose of raw cactus, HCl-
treated cactus, and NaOH-treated cactus biosorbent was used 
in a sample containing10 mg/L of metal ions, respectively. 
Samples were shaken during the experiments, and the contact 
time for adsorption varied from 0.5 to 24 h. To evaluate the 
effect of initial metal ion concentration, the concentration was 
varied between 5 and 300 mg/L under fixed experimental con-
ditions of an adsorbent dose of 0.5 g/L shaken at 150 rpm at 
25°C for 24 h. The effect of pH was investigated in a pH range 
of 2–6 by adding 0.1 mol/L HCl at the start of each experiment. 
At the end of the predetermined contact time, each adsorp-
tion sample was filtered using a 0.45 μm filter (cellulose 
acetate, Hyundai Micro Co., Ltd., Korea) and analyzed with 
inductively coupled plasma-atomic emission spectrometry 
(ICP-AES; IRIS, Thermo Jarrell Ash Co., USA) to measure the 
concentrations of Zn2+ and Mn2+ ions. The ICP-AES apparatus 
was calibrated using standard metal ion solutions.

The amount of Zn2+ and Mn2+ adsorbed at equilibrium 
(qe, mg/g) with the raw cactus, HCl-treated cactus, and 
NaOH-treated cactus adsorbents was calculated using the 
following equation:

q V
C C
me
i e= ×
−  (1)

where Ci and Ce are the initial and equilibrium metal ion 
concentrations in solution (mg/L), respectively; V is the 
volume of the aqueous solution (L); and m is the mass of 
the adsorbent (g).

The removal percentage of Zn2+ and Mn2+ was calculated 
using the following equation.

% %removal =
C C
C
i e

i

−
×100  (2)
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3. Results and discussion

3.1. Characterization of raw cactus, HCl-treated cactus, and 
NaOH-treated cactus

The pretreatment modified the surface characteristics/
groups and enhanced the capacity of biosorbents for cationic 
metals through the extraction of soluble organic or inorganic 
components from the raw biomass and/or by changing 
its biochemistry. Alkali or acid pretreatment of Opuntia 
significantly increased the Zn2+ and Mn2+ uptake capacities.

3.1.1. FTIR analysis

Several characterization techniques were employed to 
understand the surface functional groups, elemental analysis 
components, surface morphology, and pore size. The FTIR 
spectra of the raw cactus, HCl-treated cactus, and NaOH-
treated cactus are presented in Fig. 1. The raw cactus spec-
trum indicated various surface functional groups. The peaks 
around 2,920–2,850 cm–1 corresponded to the vibrational 
stretching of the methyl groups, thereby indicating the 
presence of O–H and C–H groups [17]. The peaks around  
1,750–1,600 cm–1 represented C=O stretching and aromatic 
C=C bending vibration [18]. The peak at 1,450 cm–1 was 
assigned to the asymmetric bending of CH3 of the acetyl 
moiety [19,20]. The peak at 1,380 cm–1 was due to amide or 
sulfamide bonding [21], whereas the peak around 1,240 cm–1 
indicated the presence of carbonyl stretching. Furthermore, 
the occurrence of peaks around 1,220–1,030 cm–1 showed the 
presence of C–O vibrational stretching [20].

To elucidate the changes in functional groups from bio-
sorption, the FTIR spectra of the HCl-treated cactus and 
NaOH-treated cactus biosorbents were compared with that 
of the raw cactus biosorbent (Fig. 1). For the NaOH-treated 
cactus biosorbent, the increasing intensity of the peak at 
1,450 cm–1 was attributed to asymmetric bending of CH3. The 
peak around 1,380 cm–1 (amide or sulfamide bond) increased 
in size for the NaOH-treated cactus biosorbent. The peak at 
1,240 cm–1 (C–O stretching of COOH) shifted to 1,250 cm–1 for 
the NaOH-treated cactus, which indicated an increase in car-
bonyl groups via treatment of the raw biosorbent with a base, 
i.e., sodium hydroxide, thereby increasing the metal-bind-
ing ability of the biosorbent [22]. Moreover, methyl ester 
bonds could be saponified to carboxyl (–COOH), carboxylate 
(–COO), and alcoholic (–OH) ligands [23,24]. Treatment with 
a base also leads to a decrease in the degree of polymerization 
and crystallinity, as follows:

R COOH NaOH R COO CH OH Na− + → − + +− +
3

For the FTIR spectrum of the HCl-treated cactus, the peak 
at 1,570 cm–1 shifted to 1,600 cm–1, thereby indicating C=C 
stretching vibrations. This was because HCl can protonate 
unavailable functional groups in the structure of the biosor-
bent by oxidizing the functional groups and transforming 
them into carboxylic groups [25,26].

Compared with the raw cactus peaks, the peaks of the 
HCl-treated cactus and NaOH-treated cactus showed sig-
nificant changes. In particular, the peaks at 1,220–1,030 cm–1 
increased after chemical pretreatment, and the shift in 
functional groups of the NaOH-treated cactus biosorbent 
was slightly higher than that for the HCl-treated cactus. 
These results supported the notion that chemical treatment 
changed the stretching vibration of the amide or sulfamide 
bond, methyl groups, and carbonyl groups on the surface 
of the cactus and that they can serve as active sites for the 
biosorption of Zn2+ and Mn2+ [20,27,28].

3.1.2. Scanning electron microscopy

SEM images of the raw cactus, HCl-treated cactus, and 
NaOH-treated cactus are shown in Fig. 2. The surface mor-
phology of the raw cactus changed after the treatment process 
because of the chemical reaction between the raw material 
and the activating agent (HCl or NaOH). Nevertheless, 
Fig. 2 shows that raw cactus, HCl-treated cactus, and 
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Fig. 1. Fourier transform infrared spectra of the raw cactus, 
HCl-treated cactus, and NaOH-treated cactus.
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Fig. 2. Scanning electron microscope images of the raw cactus, HCl-treated cactus, and NaOH-treated cactus.
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NaOH-treated cactus appeared to have low porosity. This 
result revealed that nanopores of the biosorbents do not 
play a significant role in the adsorption capacity.

3.1.3. Elemental analysis

The elemental analysis results of the raw cactus, HCl-
treated cactus, and NaOH-treated cactus are shown in 
Table 1. The content of the raw cactus material mainly con-
sisted of carbon and oxygen, with smaller proportions of 
calcium. The large proportions of carbon and oxygen were 
attributed to polysaccharides, such as cellulose, hemicellu-
lose, and lignin, in the cactus (Opuntia) [29]. After the treat-
ment with NaOH, an increase in oxygen content of 56.91% 
was observed. Conversely, the carbon and calcium contents 
decreased. For the HCl-treated cactus, both the oxygen 
and calcium contents increased, while the amount of car-
bon decreased by 26.44%. The weight fraction of oxygen 
increased when the cactus was modified with NaOH and 
HCl because oxygenated groups were introduced onto the 
surface of the biosorbent during the modification. Although 
the result was unable to show the main biosorption sites, 
it indicated that the amino, carboxyl, and hydroxyl groups 
took part in the formation of the complexes and had an 
interaction or synergistic action in the biosorption process 
[30]. These results revealed that the oxygen atoms in the 
biosorbents contributed to the biosorption of Zn2+ and Mn2+, 
which correlated strongly with the FTIR results.

3.1.4. XPS analysis

The levels of C1s and O1s in the XPS spectra for the raw 
cactus, HCl-treated cactus, and NaOH-treated cactus are 

presented in Fig. 3 and Table 2. The results indicated that the 
atomic concentration (AC) (%) of the aliphatic carbon (C–C) 
groups increased with NaOH modification. This increase 
in C–C groups could be interpreted as resulting from the 
addition of alkyl groups [31]. However, the AC of –C–O or 
O–H groups decreased. For the HCl-treated cactus, the AC of 
the C–C groups decreased and the AC of the –C–O or O–H 
groups increased. The increase in –C–O or O–H groups could 
have been due to the increase in carbonyl (–CO) and alcoholic 
(–OH) ligands on the biosorbent surface.

3.1.5. BET surface area and porosity

The textural characteristics of the raw cactus, HCl-treated 
cactus, and NaOH-treated cactus are listed in Table 3. The 
surface area of the cactus modified with NaOH was slightly 
higher than that of the unmodified raw cactus. For the HCl-
treated cactus, the surface area was found to be smaller than 
that of the raw cactus. However, the areas recorded were 
smaller than those of common activated carbons. The aver-
age pore volume and average pore diameter of the modified 

Table 1
Elemental analysis of the raw cactus, HCl-treated cactus, and 
NaOH-treated cactus biosorbents

Biosorbent Percentage (%)

C O K Ca

Raw cactus 75.70 23.05 0.29 0.68
HCl-treated cactus 67.42 32.09 0.00 0.49
NaOH-treated cactus 55.68 40.50 0.00 3.74
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Fig. 3. X-ray photoelectron spectroscopy spectra of the raw cactus, HCl-treated cactus, and NaOH-treated cactus biosorbents.

Table 2
Assignment of main spectral bands based on their binding energy (BE) and atomic concentration (AC) for the raw cactus, HCl-treated 
cactus, and NaOH-treated cactus

Element Raw cactus HCl-treated cactus NaOH-treated cactus Assignment

BE (eV) AC (%) BE (eV) AC (%) BE (eV) AC (%)

C1s 284.70 78.98 285.08 75.85 284.87 84.93 C–C
O1s 532.18 21.02 532.74 24.15 532.44 15.07 –C–O or O–H
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cactus were similar to those of the unmodified cactus. These 
results indicated that the anatomic structure of the alka-
line- and acid-modified cactus changed little. This may have 
been due to the higher content of organic carbon in Opuntia 
because organic materials do not dissolve in acid or base 
solutions; thus, their structure is relatively stable with such 
treatments [32].

3.2. Biosorption performance

3.2.1. Effect of adsorbent dose

Adsorbent dose is one of the main parameters that 
require optimization for application purposes. Figs. 4(a) 
and (b) show the removal percentage of Zn2+ and Mn2+ ver-
sus biosorbent dose at a concentration of 10 mg/L and a 
pH of 5. An increase in biosorbent dose from 0.1 to 4 g/L 
resulted in the incremental removal of Zn2+ from 22.6% to 
95.9% for the NaOH-treated cactus, from 14.9% to 83.9% 
for the HCl-treated cactus, and from15.3% to 36.0% for 
the raw cactus (Fig. 4(a)). For Mn2+, the removal efficiency 
increased with increasing dose from 14.6% to 88.7% for 
the NaOH-treated cactus, from 8.8% to 71.0% for the HCl-
treated cactus, and from 8.1% to 33.0% for the raw cactus 
(Fig. 4(b)). The increases in Zn2+ and Mn2+ uptake could have 
been due to an increase in adsorption sites resulting from 
the increased biosorbent dose [33]. In addition, chemical 
pretreatment of the raw cactus with NaOH was found to 
strongly enhance the biosorption capacity of the biosorbent 
for the tested metals.

Conversely, the equilibrium biosorption capacity of the 
biosorbents for Zn2+ decreased from 20.1 to 2.1 mg/g for the 
NaOH-treated cactus, from 13.8 to 1.9 mg/g for the HCl-
treated cactus, and from 13.6 to 0.8 mg/g for the raw cactus, 
as shown in Fig. 4(a). For Mn2+, the equilibrium adsorption 
capacity of the biosorbents decreased from 13.2 to 2.0 mg/g 
for the NaOH-treated cactus, from 8.0 to 1.6 mg/g for the 
HCl-treated cactus, and from 7.3 to 0.8 mg/g for the raw 
cactus when the biosorbent dose was increased from 0.1 to 
4 g/L, as shown in Fig. 4(b). This could have been due to the 
increasing dose of biosorbent per given amount of adsorbate 
leading to unsaturation of biosorption sites as they exceeded 
the dose. Considering the balance between the removal 
percentage and biosorption capacity, the biosorbent dose was 
set at 0.5 g/L for the remaining biosorption studies.

3.2.2. Effect of pH

Solution pH is one of the most important parameters in 
the Zn2+ and Mn2+ biosorption process. The uptake of metal 
ions is influenced considerably by pH owing to metallic 
ion speciation in solution and the change in surface charge 

of the adsorbent [34,35]. As shown in Figs. 5(a) and (b), the 
biosorption of Zn2+ and Mn2+ was low in the acidic medium 
and increased with increasing pH. This increase in removal 
efficiency with pH could have been due to the deprotonation 
of the carboxyl and hydroxyl active sites, which enhances 
metal binding [34]. The maximum metal ion biosorption 
was achieved at pH of 5. However, for the raw cactus, the 
maximum biosorption was found at pH 4. These changes 
in optimum conditions and biosorption efficiencies could 
be explained by differences in the functional groups on 

Table 3
Textural characteristics of the raw cactus, HCl-treated cactus, and NaOH-treated cactus

Adsorbent Surface area (m2/g) Total pore volume (cm3/g) Average pore diameter (nm)

Raw cactus 1.402 0.00555 15.824
HCl-treated cactus 0.894 0.00323 14.472
NaOH-treated cactus 1.680 0.00454 10.802
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Fig. 4. Effect of biosorbent dosage on (a) Zn2+ and (b) Mn2+ removal 
(adsorbent dose: 0.1–4.0 g/L; initial metal ion concentration: 
10 mg/L; temperature: 25°C; pH: 5; contact time: 24 h).



Y.W. Abrha et al. / Desalination and Water Treatment 144 (2019) 345–354350

the biosorbent surfaces, as confirmed by the FTIR and XPS 
analyses. Moreover, the removal efficiency of Zn2+ and Mn2+ 
by the NaOH-treated cactus was greater than that of the 
HCl-treated cactus and raw cactus. Therefore, a pH of 5 was 
considered the optimum pH and was used for the remainder 
of the biosorption experiments.

3.2.3. Kinetics study

Biosorption kinetics of Zn2+ and Mn2+ by the raw cactus, 
HCl-treated cactus, and NaOH-treated cactus biosorbents 
were examined for contact times ranging between 0.5 and 
24 h in order to understand the rate of reaction in terms of 
order dynamics and rate constant. To elucidate the mecha-
nisms involved in the biosorption kinetics, pseudo-first-or-
der and pseudo-second-order equations were used to fit 
the biosorption data. The pseudo-first-order kinetics for 
adsorption of Zn2+ and Mn2+ onto the raw cactus, HCl-treated 
cactus, and NaOH-treated cactus adsorbents were calcu-
lated using the Lagergren model, which can be expressed as 
follows [36,37]:

log log
.

q q q
K

te t e−( ) = − ×1

2 303
 (3)

where qe is the amount of Zn2+ or Mn2+ adsorbed (mg/g), t is 
the time (min), and K1 is the adsorption rate constant.

The pseudo-second-order kinetics for the adsorption of 
Zn2+ and Mn2+ onto the raw cactus, HCl-treated cactus, and 
NaOH-treated cactus were calculated using the Ho model 
[38], as follows:

t
q

t

K q

t
qet e

=
( )

+
2

2 2  (4)

where K2 is the adsorption rate constant.
Fig. 6 shows the adsorption capacity of Zn2+ and Mn2+ 

versus contact time at a concentration of 10 mg/L and a pH 
of 5. The results indicated that rapid biosorption kinetics 
were observed for 2 h for both Zn2+ and Mn2+, after which 
the rates decreased gradually until equilibrium was reached. 

This trend indicated that all the adsorbent sites were initially 
vacant and the solute concentration gradient was high.

The straight line plots (not shown) of the pseudo-first- 
order [log(qe−qt) versus t] and pseudo-second-order (t/qt vs. t) 
models indicated that the pseudo-second order was more rel-
evant to the biosorption of Zn2+ and Mn2+ onto the raw cactus, 
HCl-treated cactus, and NaOH-treated cactus biosorbents. 
Table 4 shows the kinetic parameter data for the biosorp-
tion of Zn2+ and Mn2+. The high equilibrium values (qe) and 
higher correlation coefficient (R2) results revealed that the 
pseudo-second-order model was the best fit and more appro-
priate for explaining the biosorption process. This result 
implied that the biosorption of Zn2+ and Mn2+ was controlled 
by the availability of biosorption sites on the biosorbents.

3.2.4. Isotherm study

The adsorption isotherm is an important parameter for 
understanding the biosorption process. Because of the high 
removal efficiency of the modified cactus, the adsorption 
of Zn2+ and Mn2+ onto the HCl-treated cactus and NaOH-
treated cactus biosorbents was further investigated via 
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Fig. 5. Effect of initial solution pH on (a) Zn2+ and (b) Mn2+ biosorption (dose: 0.5 g/L; initial metal ion concentration: 10 mg/L; 
temperature: 25°C; pH: 2–6; contact time: 24 h).
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onto the raw cactus, HCl-treated cactus, and NaOH-treated 
cactus adsorbents(adsorbent dose: 0.5 g/L; initial metal ion 
concentration: 10 mg/L; temperature: 25°C; pH: 5; contact time: 
0.5–24 h).
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isotherms, as presented in Figs. 7(a) and (b). All the isotherm 
curves showed that the adsorbed amount increased with 
the initial concentration of Zn2+ and Mn2+. The high driv-
ing force for mass transfer at higher concentrations of the 
biosorbent could explain this result. In addition, the high-
est adsorption capacities for Zn2+ and Mn2+ were with the 
NaOH-treated cactus biosorbent. The NaOH-treated cactus 
adsorbed approximately 72.1 mg/g of Zn2+ and 31.6 mg/g of 
Mn2+. Moreover, the NaOH-treated cactus performed better 
than the HCl-treated cactus, with approximately 50% more 
sorption capacity (qe) for Zn2+ and Mn2+ at an initial metal ion 
concentration of 300 mg/L.

The experimental data were fitted to the most commonly 
used isotherm models (Langmuir and Freundlich models) to 
examine adsorbate and adsorbent interactions [39–41]. The 
Langmuir isotherms for the biosorption of Zn2+ and Mn2+ 
onto the HCl-treated cactus and NaOH-treated cactus bio-
sorbents were calculated using the following equation [42]:

C
q q b

C
q

e

e

e= +
1

max max
 (5)

where qe is the biosorption capacity at equilibrium (mg/g), 
qmax is the maximum adsorption capacity (mg/g) based on the 
Langmuir isotherm, and b is a constant (L/mg) related to the 

energy of adsorption that quantitatively reflects the affinity 
between the adsorbent and adsorbate [5].

The Freundlich isotherms for the biosorption of Zn2+ and 
Mn2+ onto the HCl-treated cactus and NaOH-treated cactus 
biosorbents were calculated using the following equation [43]:

ln ln lnq K
n

Ce e= +










1  (6)

where K is the maximum adsorption capacity (mg/g) based 
on the Freundlich model and n is related to adsorption 
intensity.

The Langmuir isotherm assumes several factors, namely, 
monolayer coverage, equilibrium model use, that adsorption 
sites are equally probable, and that second-order reactions 
occur, whereas the Freundlich isotherm is used to describe 
adsorption on heterogeneous surfaces [5].

Table 5 shows the results obtained from the Langmuir 
and Freundlich equations for the HCl-treated cactus and 
NaOH-treated cactus biosorbents. As shown, both isotherm 
models had good correlation coefficients with R2 > 0.91. The 
qmax for Zn2+ (49.75 mg/g) was higher than that for Mn2+, 
thereby indicating that the NaOH-treated cactus and HCl-
treated cactus biosorbents had higher affinity toward Zn2+. In 
addition, the qmax obtained for the NaOH-treated cactus was 

Table 4
Kinetic parameters for the biosorption of Zn2+ and Mn2+

Metal Biosorbent qe (mg/g) Pseudo-first order Pseudo-second order

qe (mg/g) K1 (1/min) R2 qe (mg/g) K2 (g/(mg min)) R2

Zn2+ Raw cactus 4.016 1.001 0.0012 0.546 4.016 0.2422 0.999
HCl-treated cactus 10.415 0.632 0.0012 0.632 10.415 0.0983 0.999
NaOH-treated cactus 13.249 1.269 0.0018 0.734 13.249 0.0774 0.970

Mn2+ Raw cactus 3.630 7.587 0.0007 0.840 3.630 0.5520 0.986
HCl-treated cactus 7.103 5.077 0.0005 0.795 7.103 0.2975 0.991
NaOH-treated cactus 9.074 1.074 0.1082 0.989 9.074 0.1148 0.999
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Fig. 7. Effect of initial metal ion concentration on the removal efficiency of (a) Zn2+ and (b) Mn2+ by the NaOH-treated cactus and 
HCl-treated cactus (adsorbent dose: 0.5 g/L; initial metal ion concentration: 5–300 mg/L; temperature: 25°C; pH: 5; contact time: 24 h).
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superior to that of the HCl-treated cactus biosorbent, thereby 
implying that treatment with NaOH increased the dissoci-
ated groups on the biosorbent surface. The R2 values obtained 
from the Freundlich model were also higher, and the n values 
obtained from this model were greater than unity, thereby 
indicating a favorable biosorption process for both metals on 
the NaOH-treated cactus and HCl-treated cactus biosorbents 
under the experimental conditions.

The effectiveness of the HCl-treated cactus and NaOH-
treated cactus biosorbents was also compared with that of 
other biosorbents using the maximum adsorption capacity. 
As shown in Table 6, the maximum biosorption capacity of 
the different biomaterials differed, which could have been 
due to the nature and chemical composition of the materi-
als used [33]. The adsorption capacity of modified cactus 
was found to be greater than that of biosorbents reported in 
previous studies [33,44].

4. Conclusion

The effects of acid and alkaline modification on the 
adsorption capacity of cactus were investigated in this 
study. The properties of the adsorbents were characterized 
systematically using FTIR spectroscopy, XPS, elemental, 
SEM, and BET analyses. The FTIR results indicated that 
chemical treatment changed the stretching vibration of the 
methyl and carbonyl groups on the surface of the biosor-
bents. After treatment with NaOH, an increase in oxygen of 
56.91% was observed, while the amount of carbon decreased 
by 26.44%. These results revealed that the oxygen atoms in 

the biosorbents contributed to adsorbing the Zn2+ and Mn2+, 
which correlated strongly with the results of the FTIR anal-
ysis. This study showed that the NaOH-treated cactus had 
greater adsorption capacity for both Zn2+ and Mn2+ than 
either the HCl-treated cactus or the raw cactus. Significant 
differences were observed between the basic treated biosor-
bent and the untreated biomaterial. The maximum adsorp-
tion capacities of the NaOH-treated cactus obtained from the 
Langmuir isotherms were 49.75 and 25.58 mg/g of Zn2+ and 
Mn2+, respectively, whereas they were 21.28 and 10.96 mg/g of 
Zn2+ and Mn2+, respectively, for the HCl-treated cactus. From 
this study, it can be concluded that chemical pretreatment 
of raw cactus with NaOH strongly enhanced its biosorption 
potential for the studied metals.
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