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a b s t r a c t
In this work, it was studied the recovery of cadmium(II) and zinc(II) from hydrochloric acid 
solutions by cellulose acetate sponges modified with Cyanex 923® in batch system. Modified 
sponges (MS) were obtained from a recycled cellulosic man-made material (cigarette butts) that 
represent a major environmental contamination problem worldwide. MS were characterized using 
different techniques such as scanning electron microscopy and energy-dispersive X-ray spectros-
copy. Some effective parameters on adsorption and recovery of both metals, such as the amount 
of Cyanex 923 in the test solution, mass of sponges, adsorption time, acidic chloride medium in 
adsorption, and recovery phase have been evaluated. Adsorption isotherms (Freundlich equa-
tion) gave a satisfactory fit of the equilibrium data with a best sorption of 8.90 and 45.43 mg g–1 
for Cd(II) and Zn(II), respectively. The desorption of both metals occurred with 0.25 mol L–1 of 
HNO3. The proposed method was evaluated with a polluted water from an urban reservoir (dam) 
doped with heavy metals that are present in hydrometallurgy wastewater.
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1. Introduction

Any toxic metal may be called heavy metal by the 
assumption that heaviness and toxicity are inter-related 
[1]. Heavy metals include lead (Pb), mercury (Hg), arsenic 
(As), chromium (Cr), copper (Cu), selenium (Se), nickel (Ni), 
silver (Ag), cadmium (Cd), and zinc (Zn) [2]. These metals 
contribute to environmental pollution due to natural and 
anthropogenic causes. Anthropogenic causes are the main 
sources of emission; these include industrial processes, 
sites of mining and foundries, combustion by-products, 
hydrometallurgy, among others.

Cadmium and zinc are potentially hazardous if dis-
charged in large quantities due to high toxicity, which is 
why they arouse special consideration, and at the same time, 
they are common in wastewater [3,4]. The concentration of 
Cd(II) and Zn(II) in samples of unit operation wastewater 
and treatment system influent are 244 and 188 mg Lˉ1, respec-
tively [5] while the limits of discharge by industrial activities 
for Cd(II) and Zn(II) are 0.01 and 1 mg Lˉ1, respectively [6].

Zinc is a trace element that is essential for human 
health, but an excess of Zn can cause stomach cramps, skin 
irritations, vomiting, nausea, and anemia. On the other 
hand, cadmium enters the organism primarily via the 
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alimentary and/or respiratory tract and it may lead to renal 
toxicity, pancreatic cancer, or enhanced tumor growth [7].

Due to their versatility, long life, and low cost the use 
of both metals in different industries has increased, which 
results in an increase of potential sources of contamination, 
and consequently, in the need to develop effective meth-
ods for their recovery. Some used methods include liquid– 
liquid extraction [8–14], chemical precipitation with hydrox-
ide and sulfide [8], membrane filtration [8], ion exchange 
[8,15], electrochemical treatment [8,16], and adsorption 
[8,17,18]. The latter is a flexible, effective, and economic 
method in which the adsorbent material could, on some 
occasions, be regenerated [8].

Synthetic polymers have attracted attention for their 
use in water treatment in the last decades; however, the 
industry faces two major problems: the use of non-renew-
able chemicals to manufacture commodity polymers and 
the ultimate fate of waste materials [19]. For this reason, 
biodegradable polymeric materials have attracted a lot of 
attention because of current interest in sustainability, recy-
clability, and environmental responsibility [20]; some exam-
ples are chitin, starch, polyhydroxyalkanoates, polylactide, 
polycaprolactone, collagen, and cellulose [21].

Cellulose is one of the most abundant naturally 
occurring polymers on earth, it is insoluble in water and 
in most used organic solvents due to strong inter and 
intra-molecular hydrogen bonding between the individ-
ual chains [22]. Cellulose has a low heavy metal adsorp-
tion capacity, but a chemical modification can be carried 
out to achieve adequate structural durability and efficient 
adsorption capacity [23], the chemical, and/or mechanical 
treatment of cellulose can produce some materials as fibers 
and sponges [24,25]. Modified sponges have cavities where 
different substances can get trapped with high porosity, 
compressibility, and adsorption capacity [26,27]. Some uses 
of the modified sponges are water treatment to produce 
ultrapure water [28,29] and as adsorbents in pre-concentra-
tion processes for the quantification of azo dye [30].

When the adsorbent cellulose base is obtained from a 
recycled cellulosic man-made material, this adds addi-
tional value to the final product and it can contribute to 
solving environmental problems. An example of this type 
of material is the cigarette filters that are made of cellulose 
acetate from which cellulose can be obtained through the 
deacetylation process [31].

Around 9 trillion filtered cigarettes that are expected 
consumed by 2025 pose a serious toxic waste disposal prob-
lem causing an environmental risk due to toxic effects on 
living organisms and their durability in natural environ-
ments [32]. A solution to this problem is having recycling 
technology to achieve the sustainable use of cigarette waste. 
Researchers have developed different methods to recycle 
cigarette butt as incineration, adsorbents, biofilm, acti-
vated carbons, fibers for the reduction of polluted gases, 
and treatment of wastewater [33] for the remotion of dif-
ferent pollutants as lead, chrome [34], arsenic [35], and 
erythrosine dyes [36].

In this work, the obtained cellulose acetate from cig-
arette butt was used to prepare new cellulose acetate 
sponges modified with Cyanex 923. The sponges were 
used for the recovery of cadmium and zinc from an HCl 

medium due to the increase of acid in the hydrometal-
lurgy for the high efficiency of the chloride in leaching 
processes, the solution power of oxides, hydroxides, and 
carbonates, the construction of resistant materials and the 
success of the different operations of the process [37,38]. 
The parameters that affect the adsorption and recovery of 
both metals were evaluated in a batch system.

2. Materials and methods

2.1. Reagents

Cigarette butts were collected in a local community. 
Denatured ethanol (96% v/v) and sodium hypochlorite 
(4.5% p/v) were purchased in a drugstore and a supermar-
ket, respectively. Potassium hydroxide was J.T. Baker (ACS 
grade, Mexico) and acetic acid was Mallinckrodt (ACS 
grade, Mexico). Cd(II) and Zn(II) solution standards for 
inductively coupled plasma-direct current plasma (ICP/
DCP) were Fluka (USA) HNO3 70% and HCl 37% were 
obtained from Aldrich (ACS grade, USA). The ion car-
rier trialkyl phosphine oxides (Cyanex 923) was supplied 
from Cytec Industries Inc., (Mexico). Water was puri-
fied through a MilliQ Plus system (Millipore); the water 
resistivity being >18.2 MΩ cm.

2.2. Preparation of modified cellulose sponges

Tipping and wrapping paper and tobacco were 
removed from cigarette butts. About 14 g of cigarette butts 
were cut and treated for 1 h at a time with 200 mL of eth-
anol and 1.5% (v/v) sodium hypochlorite solution, wash-
ing between each solution with deionized water, in order 
to remove the compounds present in the filter after its 
use. Clean cigarette filters (0.5 g) were dissolved in 15 mL 
glacial acetic acid. The cellulose acetate sponges were pre-
pared according to the immersion–precipitation method 
[30], the solution of cigarette filters in glacial acetic acid 
was added to 50 mL of deionized water at constant stir-
ring and room temperature, resulting in the formation of 
sponges (SP) for precipitation. The SP were filtered and 
rinsed with deionized water several times to remove the 
excess of the acetic acid. The washed SP were poured in 
50 mL of KOH 2 M solution for 24 h under constant stir-
ring to alkalize the material. Filtering–washing procedure 
was repeated until excess base is removed (pH < 8), later 
4 g of wet SP (~87% of humidity) were added to 200 mL 
of Cyanex 923 solution at different concentrations (cast-
ing solutions) for 15 h. After this period, filtering–wash-
ing procedure was repeated until removing the extra 
Cyanex 923 to obtain the modified sponges (MS).

The MS morphology was analyzed using scanning elec-
tron microscopy (SEM) (JEOL JSM-63000 microscope). The 
estimate of phosphorous atomic percentage immobilized 
was determined by energy-dispersive X-ray spectroscopy 
(EDX) in a SEM, JEOL JSM-5600LV model.

2.3. Metal adsorption–desorption general procedure

10 mL of binary solution of Cd(II) and Zn(II) with ini-
tial concentrations of 10 mg L–1 for each metal (amount used 
in evaluation of other sorbents [39–41]) in HCl were shaken 
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with different amount of MS. The total metal adsorbed 
was calculated according to Eq. (1):

q
C C V

mA
M

=
−( )×

×
0 AS

MSAt Wt. .
 (1)

where qA is the amount of metal adsorbed (mmol kg−1), 
C0 and CAS is the Cd(II) and Zn(II) concentration (mg L−1) in 
the solution before and after the sorption respectively; V is 
the aqueous solution volume (L), At.Wt.M is metal atomic 
weight, and mMS is the amount of modified sponges (kg).

The percentage of adsorption of each metal (%EAds) 
was calculated according to Eq. (2) where C0 is the 
concentration of each metal in the initial solution:
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For the total desorption of cadmium(II) and zinc(II), 
MS used in the sorption was shaken with 10 mL of a recov-
ery solution for 1 h. The capacity of desorption (qD) of 
both metals was calculated according to Eq. (3):

q
C V

mD
M

=
×
×

AD

MSAt Wt. .
 (3)

where CAD is the concentration of each metal in the 
recovery solution after the desorption (mg L–1).

All the experiments (sorption and desorption) were 
performed three times and the concentration of the met-
als was determined by means of a flame atomic absorption 
spectrometer (VARIAN SpectrAA-880). 

2.4. Adsorption isotherm

The adsorption of Zn(II) and Cd(II) was recorded in 
the range of 20–160 mg L–1 of metal ions in 1.5 M of HCl. 

1.5 g MS prepared with 0.05% (w/v) of Cyanex 923 in cast-
ing solution (0.1 gCy 923/gSP) shaken at room temperature 
until the equilibrium was reached. Adsorption isotherm 
data were fitted to Langmuir, Freundlich, and Dubinin–
Radushkevich model since they are the most used to 
describe the adsorption for wastewater treatment applica-
tions [42]. Table 1 shows linear forms of the isotherm used.

It is necessary for an error function to be defined in order 
to be able to evaluate the fit of the isotherm. For this reason, 
isotherms were evaluated by chi-square test (c2), a statis-
tic to assess the fit of a regression. The data came from an 
experiment in which the fitted model is true, it is based on 
observed and expected observations according to Eq. (4) [48]:

χ2

2

= ∑
−( )q q
q

e m

e m

ex ,

,
 (4)

where qe,m is the equilibrium capacity (mg g–1) obtained from 
the model and qex is experimental data is the concentration 
of each metal in the solution after the desorption process 
(mg L–1).

3. Results and discussion

3.1. Evaluation of the extractant concentration

The effect of the extractant amount on the modifica-
tion process was investigated. Different concentrations in 
the casting solution were tested and shown in Table 2. It is 
also shown the relationship between the grams of Cyanex 
923 and the grams of sponges mixed during the modifica-
tion process described in the experimental part. The results 
have shown that the percentage of phosphorous in the MS 
increased according to the extractant concentration in the 
casting solution increasing the metal adsorption capacity 
[49]. Considering all this, 0.1 gCy 923/gSP was found to be more 
effective in separating those metal ions.

Table 1
Linear forms of different isotherms used in this work [43–47]

Isotherm Linear form Fundament Parameter

Langmuir C
q q K

C
q

e

e L

e= +
1

max max

Adsorption only occur in 
identical and localized sites, 
homogeneous form, and in 
monolayer

qe = amount adsorbed (mg g–1)
Ce = equilibrium concentration of adsorbate (mg L–1)
qmax = maximum adsorption capacity (mg g–1)
KL = Langmuir constant of adsorption

Freundlich 
logq K

n
Ce f e= +log ln1 Describe non-ideal and 

reversible process and over a 
heterogeneous surface

Kf = adsorption capacity (mg g–1)
n = adsorption intensity

Dubinin–
Radushkevich

ln ln maxq qe = −βε2

ε = +








RT

Ce
ln 1 1

E
B

=
1
2

It is applied to distinguish the 
physical and chemistry 
adsorption (heterogeneous 
surface)

e = Polany potential
b = Dubinin–Radushkevich constant
R = gas constant (8.1 J mol–1 K–1)
E = adsorption energy
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The morphology of the MS was examined by SEM. 
Fig. 1 shows that the surface of the sponge has different size 
cavities (1.05 µm, n = 8) distributed in the entire surface, 
which allowed having a great adsorption area and a better 
interaction between the metals and the surface.

3.2. Evaluation of the effect of the MS 
mass on the metal adsorption

Fig. 2 shows the effect of the MS amount in the adsorp-
tion percentage of Cd(II) (Fig. 2a) and Zn(II) (Fig. 2b). An 
increase in the MS dosage resulted in an increase in adsorp-
tion percentage of metal ions due to the increase of amount 
of Cyanex 923 in the system; however, from 1.5 gMS the 
adsorption percentage is constant for both metals, for this 
reason, this is the mass used in the following experiments.

3.3. Evaluation of the effect of HCl concentration

Different chemical species of Cd(II) and Zn(II) are pres-
ent in the aqueous phase at varying HCl concentration, 
for this reason, it is necessary to do an evaluation of the 
effect of HCl concentration. At low HCl concentrations 

cadmium and zinc exist as M2+ and MCl+ [50,51] but with 
an increase of HCl concentration, MCl2 can be formed and 
this, in turn, increase the amount of solvated neutral com-
plex to make the adsorption easier (Fig. 3). This allowed to 
use 1.5 mol L–1 as the optimal concentration for subsequent 
recovery experiments with which, in addition, more accu-
rate results are obtained.

Considering this, the metal transport is according to 
the next reaction (Eq. (5)), where M represents the metal 
(Zn or Cd), L is the extractant, and n = 0, 1, 2 [52–54]:

M n n qL H M qLn naq
2+

aq aq
+

org orgCl H Cl+ +( ) + + ↔−
+( )2 2  (5)

3.4. Adsorption isotherms

Information on distribution of metal ions between the 
liquid phase and the solid phase allowed to understand 
the adsorption process. In this case, isotherm models such 
as Langmuir, Freundlich, and Dubinin–Radushkevish were 
used to describe the adsorption. First, to find the time in 
which the extraction reached the equilibrium, experiments 
were carried out at different contact times (0.25 and 7 h). 
The minimum contact time was found to be 5 h for both 
metals. However, prolonged times had not an adverse effect 
on the extraction of Cd(II) and Zn(II) according to Table 3.

Table 4 shows that the adsorption energy obtained for 
Cd(II) (7.86 kJ mol–1) and Zn(II) (7.11 kJ mol–1) suggesting 
that the adsorption of both metals was by physisorption. The 
R2 values Freundlich isotherm fit the sorption data in both 
cases; this indicated that there is the formation of a multilayer 
and a heterogeneous surface according to n [43–45].

According to Freundlich isotherm, the maximum adsorp-
tion capacity [46] for cadmium (8.90 mg g–1) is lower than 
the adsorption capacity for zinc (45.43 mg g–1); this is an 
advantage as cadmium is much less abundant in the earth’s 
crust than zinc.

On the other hand, sponge without modification 
indicated physisorption for both metals and the exis-
tence of monolayer at the outer surface of the adsorbent 
[44]. The maximum adsorption capacity of SP (0.801 and 
0.018 mg g–1 for Cd(II) and Zn(II), respectively) was less 
than the maximum capacity of MS, this is to confirm that 
the adsorption characteristics of the sponges improve with 

Table 2
Effect of variation of the concentration of Cyanex 923 used for obtained the modified sponges (MS)

Cyanex 923 in casting  
solution (%w/v)

gCy 923/gSP %Pa (SEM) qACd(II)

b  
(mmol kg–1)

qAZn(II)

b  
(mmol kg–1)

0.00 0.000 0.00 (0.00) 0.07 (9.17) 0.09 (4.94)
0.05 0.025 1.01 (2.80) 0.70 (2.09) 1.16 (4.25)
0.10 0.050 1.20 (0.59) 0.71 (8.15) 1.34 (3.87)
0.20 0.100 1.46 (4.84) 0.82 (2.85) 1.51 (4.38)
0.40 0.200 2.23 (5.07) 0.85 (0.15) 1.59 (0.39)

aPercentage of atoms of phosphorous;
bExperimental conditions: 10 mg L–1 of each metal ion in aqueous solution in 2 M of HCl; 2 g of MS. Values were obtained after 2 h counted 
from the start of the experiment;
In all the cases percentage of relative standard deviation in parenthesis

Fig. 1. SEM image of the MS prepared with 0.1 gCy 923/ 
gSP in casting solution.
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the presence of the extractant. In all the cases, high values 
of chi-square were obtained, showing a satisfactory fit of 
experimental data.

The adsorption capacity of the MS obtained is rea-
sonable for adsorption of Cd(II) and Zn(II), it is within 

the values obtained for this type of materials (Table 5) 
which make it competitive for the removal of cadmium(II)  
and zinc(II).

3.5. Evaluation of the stripping 
phase in the recovery of Cd(II) and Zn(II)

The possibility of desorbing the metals from the MS is 
an important criterion to use this material as it makes recy-
cling the metals possible. For this reason, different stripping 
phases that remove the metals through the destabilization of 
the chloro-complex were evaluated [52].

Solvating extractants can extract mineral acids because 
they share a pair of electrons through a donor atom; tak-
ing advantage of this, different acids were evaluated to 
desorb both metals [64].

Fig. 2. Effect of variation of the weight of MS in the adsorption percentage. Experimental conditions: 10 mg L–1 of each metal ion in 
aqueous solution in 2 M of HCl, MS prepared with 0.1 g Cy 923/gSP in casting solution. Values were obtained after 2 h counted from 
the start of the experiment. Relative standard deviation between 0.1 and 5.8.

Fig. 3. Effect of variation of the HCl concentration in the 
absorption capacity. Experimental conditions: 10 mg L–1 
of each metal ion in aqueous solution, 1.5 g MS prepared 
with 0.1 gCy 923/gSP in casting solution. Values were obtained 
after 2 h counted from the start of the experiment. Relative 
standard deviation between 0.2 and 5.5.

Table 3
Effect of the contact time in the adsorption of both metalsa

Contact time (h) qCd(II)
b (mmol kg–1) qZn(II)

b (mmol kg–1)

0.25 0.55 (0.56) 0.25 (4.99)
0.50 0.55 (0.21) 0.90 (1.52)
1.00 0.55 (0.80) 1.00 (0.49)
2.00 0.56 (0.27) 1.04 (0.26)
5.00 0.55 (0.14) 1.05 (0.80)
7.00 0.55 (0.13) 1.05 (0.29)

aExperimental conditions: 10 mg L–1 of each metal ion in aqueous 
solution in 1.5 M of HCl; 1.5 g MS prepared with 0.1 gCy 923/gSP in 
casting solution;
bPercentage of relative standard deviation in parenthesis.
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The results of Fig. 4 show that its efficiency follows the 
order: HNO3 > H2SO4 > H3PO4 > H2O, indicating that desorp-
tion in water is lower than in an acid medium, probably 
due to the different hydration energies of the compounds 
and its readily dehydration [65]. This behavior was previ-
ously observed by Arias et al. [66] and El-Hefny et al. [67]. 
Considering this, HNO3 was used for subsequent studies.

3.6. Evaluation of stripping phase concentration

The effects of HNO3 concentration (0.1–1.0 mol L–1) on 
the recovery of Cd(II) and Zn(II) were investigated and the 
results are shown in Table 6. From the obtained results, it 
seems that recovery capacity is similar in all cases, but data 
confirm a better reproducibility with 0.25 mol L–1 of HNO3. 
For this reason, this concentration was used in subsequent 
experiments.

Additionally, it was possible desorption of 0.37 
mmol kg–1; %RSD = 6.76 and 0.64 mmol kg–1; %RSD = 1.11 for 
Cd(II) and Zn(II), respectively, after two cycles (adsorption–
desorption) without any change. The reduction in 
the third cycle could be due to the destabilization of material.

3.7. Recovery of Cd(II) and Zn(II) in synthetic wastewater

The study of recovery of Cd(II) and Zn(II) using MS 
was realized with polluted water from an urban reser-
voir (dam) doped with some heavy metals that are pres-
ent in hydrometallurgy wastewater (synthetic water) [68]. 
The composition of the synthetic water was 18 mg L–1 of cop-
per, 40 mg L–1 of arsenic, 7 mg L–1 of chrome, 50 mg L–1 of 
lead, 40 mg L–1 of nickel, 141 mg L–1 of zinc, and 5 mg L–1 of 
cadmium.

Cadmium and zinc desorption of MS with 
HNO3 0.25 mol L–1 were 0.19 mmol kg–1 ± 1.63% and 
10.44 mmol kg–1 ± 1.00%, respectively. A t-test (95% confi-
dence level) was performed between the system in deion-
ized water (Cddesorbed = 0.12 mmol kg–1, %RSD = 6.78, n = 3; 

Zndesorbed = 10.04 mmol kg–1, %RSD = 0.82, n = 3) and the 
value obtained in the sample without an adsorption of 
the other heavy metals. This showed that the matrix does 
not have a negative impact on the adsorption of both 
metals, because there is no adsorption of the possible 
interferents in the sample due to the selectivity of extract-
ant base on the working conditions [69,70]. An import-
ant point is that the recovery solution can be used as an 
initial solution for the electrodeposition of thin films 
used in window/buffer layer for solar cell [71].

Table 4
Isotherm parameters obtained by linear methods for adsorption of Cd(II) and Zn(II) onto sponge without modified and modified 
sponge

Isotherm Parameter Sponge without modified Modified sponge

Cd(II) Zn(II) Cd(II) Zn(II)

Langmuir Q0 (mg g–1) 0.801 0.018 0.20 2.918
KL (L mg–1) 0.001 0.071 0.25 0.005
R2 0.935 0.974 0.992 0.934
c2 0.084 0.001 0.979 0.059

Freundlich KF (mg g–1) 0.004 0.003 8.900 45.430
n0 1.627 1.444 8.650 1.280
R2 0.615 0.692 0.995 0.944
c2 1.509 0.095 0.0003 0.039

Dubinin–Radushkevich b (mol J–2) –0.010 –0.010 –0.008 –0.010
E (kJ mol–1) 7.04 7.00 7.86 7.11
R2 0.999 0.997 0.993 0.999

aExperimental conditions: 10 mg L–1 of each metal ion in aqueous solution in 1.5 M of HCl; 1.5 g MS prepared with 0.1 gCy 923/gSP in 
casting solution.

Fig. 4. Effect of the nature of the stripping phase in the 
recovery of Cd(II) and Zn(II). Experimental conditions: 
10 mg L–1 of each metal ion in aqueous solution in 1.5 M 
of HCl, 1.5 g MS prepared with 0.1 gCy 923/gSP in casting 
solution. Recovery solution 0.5 mol L–1, shake time 2 h.
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4. Conclusions

The present study suggests that it is possible an adsorp-
tion and desorption of Cd(II) and Zn(II) using a MS of 
cellulose acetate with Cyanex 923 for the recovery of 
Cd(II) and Zn(II).

This study showed that the presence of HCl in the 
sorption solution has a significant impact on the absorp-
tion capacity of Cd(II) and Zn(II) due to the chloro-com-
plex formation. Also, more Cyanex 923 in casting solution 
increased the sorption capacity. The studies revealed that 
H2O is a good re-extractant agent of both metals; however, 
the best desorption capacity was obtained with HNO3 due 
to the destabilization of the chloro-complex. Considering 
this, the best performance conditions was: metal solution 
with 1.5 mol L–1 of HCl; 1.5 g SM prepared with 0.1 gCy 923/
gSP in casting solution and stripping phase of 0.25 mol L–1 
of HNO3 with shake time of 2 h in both cases (adsorption 
and desorption). According to all the results, the developed 
MS are an good option for the recovery of Cd(II) and Zn(II) 
from synthetic hydrometallurgy without the matrix effect.
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