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Factorial experimental design applied to adsorption of

cadmium on activated alumina

Salma Mtaallah, Ikhlass Marzouk and Béchir Hamrouni
ABSTRACT
The effective removal of heavy metals from industrial wastewater is a very important issue for many

countries. This paper examines the removal of cadmium ions from aqueous solutions and industrial

effluents by adsorption on activated alumina. The Brunauer–Emmett–Teller (BET) specific surface area,

pore diameter and pore volume of the activated alumina were 156.7 m2/g, 58.4 Å and 0.23 cm3/g,

respectively. Factorial experimental design was applied to evaluate the main effects and interactions

among dose of activated alumina, initial cadmium concentration, pH of the solution and temperature.

Analysis of variance, the F-test and the Student’s t-test shows that dose of activated alumina, initial

cadmium ion concentration and temperature are the most significant parameters affecting cadmium

ion removal and pH is the least significant parameter. Under optimal conditions, cadmium removal

from industrial effluent samples was >98%. Furthermore, desorption and regeneration studies were

carried out in order to evaluate the cost-effectiveness of activated alumina.
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INTRODUCTION
Heavy metals released into the environment pose a signifi-

cant threat to the environment and human health because

of their toxicity and persistence.

Cadmium is one of the most toxic heavy metals affecting

humans, animals and plants; it has no known metabolic role

and does not seem biologically essential or beneficial to the

metabolism of living beings (Bhattacharyya ). Cadmium

is mostly introduced into natural water resources by waste-

water discharged from industrial effluents. The most

common industries releasing cadmium in their effluents

are metal plating; manufacture of cadmium–nickel batteries,

plastic stabilizers, paints and pigments, and petrochemicals;

and mining (Krika et al. ). When it enters the human

body, most cadmium goes directly to the kidney and liver
and persists for many years causing serious damage to

these organs. Itai-itai, renal damage, emphysema, hyperten-

sion and testicular atrophy are all harmful diseases

occurring in people exposed to cadmium (Lalor ;

Suwazonoa et al. ; Swaddiwudhipong et al. ). At

the cellular level, cadmium affects cell cycle progression,

differentiation and DNA replication (Bertin & Averbeck

; Swaddiwudhipong et al. ).

Recovered water is now a part of Tunisia’s overall water

resources balance. It is considered as an additional water

resource and as a potential source of fertilizing elements;

as a result, the legislation on industrial wastewater dis-

charges has become increasingly strict. According to the

Tunisian NT106.002 standard, the limit on concentration

of cadmium to release into sewerage systems is 0.1 mg/L.

Therefore, it is a great challenge to remove cadmium

ions from wastewater. Removal of cadmium ions from aqu-

eous solutions has been traditionally carried out by chemical
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precipitation. However, chemical precipitation is usually

used to treat wastewater containing high concentrations of

heavy metal ions and it is ineffective when the metal ion

concentration is low. In addition, chemical precipitation

can produce large amount of sludge which can be treated

only with great difficulty. Membrane processes such as ultra-

filtration, reverse osmosis and nanofiltration can remove

cadmium ions with high efficiency, but problems such as

process complexity, membrane fouling and low permeate

flux have limited their use in cadmium removal. Floccula-

tion–coagulation involves chemical consumption and

generation of increased sludge volume. Electrocoagulation

has also been used for the removal of cadmium from waste-

water; however, the disadvantages of this method are the

high cost and generation of toxic sludge (Fu & Wang ).

Adsorption, on the other hand, is considered as an ideal

process because of its convenience, ease of operation, low

operational cost and simplicity of design. The literature

suggests the use of various natural and synthetic adsorbents

for the removal of cadmium from wastewater (Da Fonseca

et al. ; Tajar et al. ; Hydari et al. ; Chand

et al. ). Among the different adsorbents appropriate for

heavy metal removal, activated alumina (AA; Al2O3)

appeared to be a promising medium combining high effi-

ciency with a low-cost process (Kasprzyk-Hordern ).

It is highly efficient in eliminating several heavy metals

(Hua et al. ; Marzouk et al. ).

Previous researchers used the traditional ‘one variable

at a time’ experiments to determine the individual effect of

various factors on the adsorption process. However, factor-

ial experimental design can be used to provide a large

amount of information and reduce the number of exper-

iments, time and total research costs. The most important

advantages of this technique are that the effects of individual

parameters as well as their relative importance are obtained

and that the interaction of two or more factors can be

ascertained (Saadat & Karimi-Jashni ; Geyikçi &

Büyükgüngör ). Nevertheless, there are limited studies

concerning the application of this method to the adsorption

of cadmium on AA.

One of the goals of this study is to apply a factorial

design at two levels in order to determine the influence of

various parameters and their interactions on the removal

efficiency of cadmium and then assess the importance of
s://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf
the AA as adsorbent to remove cadmium from industrial

effluent in Tunisia. In addition, regeneration studies were

performed to estimate the potential of this process in indus-

trial applications.
MATERIALS AND METHODS

Materials

The granular AA used was provided by Sigma-Aldrich. It

was dried at 110 WC for 24 hours in order to eliminate impu-

rities and to prepare it. An aqueous stock solution of

cadmium ions (1 g/L) was prepared using reagent grade

Cd(NO3)2.4H2O. Different initial concentrations of cad-

mium ions (Cd(II)) (10 mg/L to 100 mg/L) were prepared

by dilution from the stock solution in distilled water.
Batch adsorption experiments

Adsorption experiments were carried out in a stirred ther-

mostatic bath (Grant®) to study the effects of pH, initial

Cd(II) concentration, temperature (10 WC–40 WC) and the

adsorbent dose (0.5–1.5 g). The pH value of the cadmium

solution was adjusted by adding HCl or NaOH (0.01 mol/L)

as required. For the batch adsorption experiments, 100 ml

of the test solution was added to a 250 mL stoppered conical

flask and stirred at constant rate of 140 rpm. Samples were

withdrawn after a measured time interval and filtered

through Whatman No. 1 filter paper (0.45 μm). The filtrates

were analysed to determine residual Cd(II) concentration.
Chemicals and analytical methods

The residual concentration of cadmium was determined by

the potentiometric method using a specific electrode

(Thermo Scientific, Orien 9448SC).

The solution pH was measured by a pH-meter

(Metrohm, 708 pH meter). Chloride and nitrate ions were

analysed by anion chromatography using a Metrohm 761

compact ion chromatograph. The analyses of Ca and Mg

were conducted by the titrimetric method.
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The percentage removal of cadmium (%Cd) was calcu-

lated using Equation (1):

%Cd ¼ C0 � Ce

C0
× 100 (1)

where C0 and Ce are the initial and equilibrium concen-

trations of Cd(II) respectively (mg/L).
Figure 1 | (a) N2 adsorption–desorption isotherms and (b) pore size distribution of AA.
RESULTS AND DISCUSSION

Characterization of adsorbent

The total pore volume was determined from the adsorption

of N2 at 77.37 K on an ASAP 2020 apparatus. The surface

area was calculated using the Brunauer–Emmett–Teller

(BET) method. The pore size distribution was obtained

from the desorption branch of isotherms using the Barrett–

Joyner–Halenda (BJH) method. Detailed textural character-

istics of AA are summarized in Table 1.

The textural properties were determined from the N2

adsorption–desorption isotherms, which are given in Figure 1

together with the pore size distribution. According to the

IUPAC classification, the corresponding isotherm can be

classified as type IV which is characteristic of a mesoporous

material. This is a good model for AA because of its tight

pore size distribution and its massive surface areas, providing

a vast number of sites where adsorption processes can occur.

The BJH pore size distribution also shows that AA has

the pore size distribution in the mesoporous range (2–

50 nm).

From the steepness of the adsorption isotherm, it can be

seen that the mesopore structure is not well ordered and has

a broad pore size distribution. Moreover, evidence of the

appearance of open pores in the AA is shown by the pres-

ence of the hysteresis loop (Diallo et al. ).
Table 1 | BET analysis of the AA

Property Value

Specific surface area (m2/g) 156.7

Total pore volume (cm3/g) 0.23

Average pore diameter (Å) 58.4
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Validation of the analytical method

Several parameters have been taken into account in order to

validate the method for determining residual Cd(II) concen-

tration by the potentiometric method using a specific

electrode. We have evaluated linearity, specificity and fide-

lity (repeatability and reproducibility). In the whole

validation, the calibration curve for the measurements was

always prepared with at least six points, as recommended

by the French standard XPT 90-210. Table 2 gives exper-

imental validation of the analytical method.

According to the values of Table 2, the analytical

method by specific electrode is valid and appears as an effi-

cient method.

Effect of contact time

The effect of contact time was determined by studying

adsorption of Cd(II) at initial concentrations of 10 mg/L

and 100 mg/L with 1 g/100 mL of AA. As clearly seen in

Figure 2, at up to 50 minutes of initial contact time, the



Table 2 | Validation parameters

Test Experimental value Critical value Conclusion

Linearity Fl¼ 2093.88 VCl¼ 8.10 Linear Linearity approved
Fnl¼ 1.4553 VCnl¼ 4.94 No curvature

Specificity tobs¼ 2.46 t(8,0.995)¼ 3.355 Slope equal to 1 Specific
t’obs¼ 0.082

Cochran Cxobs¼ 0.222 Ccochran, α¼5%¼ 0.544 Point group is considered non aberrant
Ccochran, α¼1%¼ 0.633 Point group is considered non suspect

Fidelity CVr¼ 0.422%; 0.604%; 0.455%; 0.464% CVr< 5% Repeatable Faithful
CVR¼ 0.5% CVR< 5% Reproductible

Figure 2 | Effect of contact time on the percentage removal (C0¼ 10 mg/L (♦) and C0¼
100 mg/L (▪)).
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Cd(II) adsorption rate was very fast, and slower kinetics fol-

lowed until equilibrium. The rapid adsorption during the

first time interval is related to the availability of a large

number of active sites on the adsorbent surface, which

improves Cd(II) diffusion to the adsorbent surface. A con-

tact time of 150 min was sufficient to ensure saturation of

the Cd(II) sorption capacity by AA, so this contact time

was used for the rest of the adsorption experiments.

Effect of pH

The effect of pH was studied in the range 3–8 for both initial

concentrations of 10 mg/L and 100 mg/L with 1 g/100 mL

of AA. It was essentially found that the removal yield

increases with pH. A decrease in the pH value (from 5

to 3) involves a decrease in the removal yield from 97%
s://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf
to 41% and from 65% to 30% for an initial concentration

of 10 mg/L and 100 mg/L, respectively. This may be

due to the modification of adsorbent surface below pH 5

(Kasprzyk-Hordern ).

Similar results have been reported in the literature.

Afkhami et al. () evaluated the effect of pH in cadmium

removal using nano-alumina in a pH range 1.5–5.5. It was

found that removal of Cd(II) increases with increasing sol-

ution pH and a maximum value was reached at an

equilibrium pH of around 5.0. El-Latif et al. () investi-

gated the removal of cadmium by alumina oxide nano

composite over the pH range 2–9. They reported that

removal efficiency increased with increasing pH and a maxi-

mum adsorption capacity was obtained at pH 6.

Therefore, for the statistical analysis, experiments were

performed at above pH 5 to avoid the modification of adsor-

bent surface and below pH 8 to avoid precipitation of

cadmium in the presence of hydroxide ions (Cd(OH)2).

Statistical analysis

For any process, it is important to know the influence of

different physicochemical parameters (also termed control

factors) upon the results of the process. Factorial design is

used to reduce the total number of experiments in order to

achieve the best percentage removal (%Cd) of cadmium

ions (Mason et al. ). The factorial design determines

which factors have important effects on a response (%Cd)

as well as how the effect of one factor varies with the level

of the other factors. The number of experimental runs at

two levels is 2k, where k is the number of factors. Today,

the most widely used kind of experimental design, to
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estimate main effects as well as interaction effects, is the 2k

factorial design in which each variable is investigated at two

levels (Ricou-Hoeffer et al. ; Carmona et al. ;

Geyikçi & Büyükgüngör ). The four factors considered

were the dose of AA, initial Cd(II) concentration, pH and

temperature. The high and low levels represented by þ1

and �1, respectively defined for the 24 factorial designs

were listed in Table 3. The low and high levels for the factors

were selected according to preliminary experiments.

A matrix was created according to their high and low

levels and 16 experiments were carried out. A centre point

was duplicated and added to the matrix in order to verify

the linearity of the studied model. The response is the per-

centage removal of cadmium (%Cd). The experiments,

presented in Table 4, were executed in a random order to

avoid systematic errors.

The effect of a factor is defined as the change in

response produced by a change in the factor level.

The codified mathematical model employed for the fac-

torial design was:

%Cd¼ b0þb1X1þb2X2þb3X3þb4X4þb12X1X2þb13X1X3

þb14X1X4þb23X2X3þb24X2X4þb34X3X4: (2)

where b0 represents the global mean, bi represents the esti-

mation of the principal effect of the factor i for the

response %Cd and bij represents the estimation of inter-

action effect between factor i and j. X1, X2, X3 and X4 are

the dimensionless coded factors of the following par-

ameters: dose of AA, initial Cd(II) concentration, pH and

temperature, respectively. The results were analysed with

MINITAB 16 software.

The mathematical model representing Cd(II) removal

efficiency in the experimental region studied can be
Table 3 | Experimental ranges and levels of the factors studied in the factorial design

Variables Factors
Low
level

High
level

X1 Dose AA (g) (A) 0.5 1.5

X2 Initial Cd(II) concentration ([Cd]),
mg L�1) (B)

10 100

X3 pH (pH) (C) 5 8

X4 Temperature (T, WC) (D) 10 40

om https://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf

er 2018
expressed by Equation (3):

%Cd ¼ 63, 25þ 14, 67X1 � 20, 23X2 � 5, 17X3 þ 13, 54X4

þ 2, 3X1X2 þ 3, 45X1X3 þ 0, 89X1X4 þ 0, 83X2X3

þ 0, 64X3X4 þ 3, 29X2X4 (3)

There are several methods to estimate the significance of

the effects of coefficient of a full factorial design 2k. Appli-

cations of experimental design and analysis of variance

(ANOVA) to sensitivity analysis were described by Kleijnen

& Sargent ().

The ANOVA for adsorption study of cadmium was used

in order to ensure a good model. The results of the full fac-

torial design model fitting in the form of ANOVA are given

in Table 5.

From the p-values defined as the smallest level of signifi-

cance leading to rejection of the null hypothesis, it appears

that the main effect of each factor and the interaction effects

are statistically significant when p-values are less than 0.05.

Since for a 95% confidence level and 16 factorial tests,

F0,05,1,16 is equal to 4.49, all the effect with F-values higher

than 4.49 are significant.

Student’s t-test was carried out to determine whether the

calculated main and interaction effects were significantly

different from zero. With a 95% confidence level and five

degrees of freedom, the t-value was equal to 2.571.

Absolute values of the main factors and the interaction

of factors are illustrated in Pareto chart (Figure 3) in the

horizontal columns. The vertical line indicates minimum

statistically significant effect magnitude for an α risk of 5%.

According to the obtained F-value, p-value (Table 5) and

Pareto chart (Figure 3), it seems that the effect of initial cad-

mium concentration, dose of AA and temperature are

statistically significant. The bar representing pH (C) is

inside the reference line in the Pareto chart, showing that

this term contributed the least to the prediction of Cd(II)

removal efficiency. Moreover, it can be seen that the first-

order interactions are insignificant implying that the main

factors are independent of each other.

To graphically verify the normality assumption for

data, a normal probability plot was performed to examine

the distribution of the residual values, defined as the differ-

ences between the predicted (model) and the observed

(experimental) values.



Table 4 | Studied parameters in their reduced and normal forms

Experiment A X1 B X2 C X3 D X4 %Cd

1 0.5 �1 10 �1 5 �1 10 �1 68.38

2 1.5 1 10 �1 5 �1 10 �1 94.62

3 0.5 �1 100 1 5 �1 10 �1 23.34

4 1.5 1 100 1 5 �1 10 �1 35.78

5 0.5 �1 10 �1 8 1 10 �1 35.78

6 1.5 1 10 �1 8 1 10 �1 94.13

7 0.5 �1 100 1 8 1 10 �1 16.24

8 1.5 1 100 1 8 1 10 �1 29.83

9 0.5 �1 10 �1 5 �1 40 1 95.88

10 1.5 1 10 �1 5 �1 40 1 99.09

11 0.5 �1 100 1 5 �1 40 1 41.22

12 1.5 1 100 1 5 �1 40 1 89.08

13 0.5 �1 10 �1 8 1 40 1 84.43

14 1.5 1 10 �1 8 1 40 1 95.50

15 0.5 �1 100 1 8 1 40 1 23.34

16 1.5 1 100 1 8 1 40 1 85.75

17 1 0 55 0 6.5 0 25 0 73.54

18 1 0 55 0 6.5 0 25 0 73.21

Table 5 | ANOVA of the 24 design

Term Sum of squares Degrees of freedom Mean square F-value p-value

A 3443.34 1 3443.342 10.25589 0.023929

B 6548.05 1 6548.046 19.50316 0.006916

C 428.90 1 428.904 1.27748 0.309653

D 2933.31 1 2933.306 8.73676 0.031672

A ×B 85.47 1 85.470 0.25457 0.635319

A ×C 190.58 1 190.578 0.56763 0.485145

A ×D 12.92 1 12.924 0.03849 0.852180

B ×C 11.26 1 11.256 0.03353 0.861912

B ×D 173.32 1 173.317 0.51622 0.504623

C ×D 6.68 1 6.682 0.01990 0.893317

Error 1678.71 5 335.743

Total sum of squares 15512.54 15

81 S. Mtaallah et al. | Removal of cadmium by adsorption Journal of Water Reuse and Desalination | 08.1 | 2018

Downloaded from http
by guest
on 25 December 2018
The normal plot displayed in Figure 4 indicated that the

predicted values of Cd(II) removal and the actual exper-

imental data were in good agreement, providing evidence

for the validity of the regression model.
s://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf
Effect of process variables

The main effects of each parameter on the Cd(II) removal

efficiency are shown in Figure 5. From the analysis of the



Figure 3 | Pareto chart for standardized effects.

Figure 4 | Normal probability plot.

Figure 5 | Main effect plot for cadmium removal.
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graphs and the coefficients of Equation (3), we can conclude

that the initial cadmium concentration is the most important

variable on the cadmium removal efficiency since its coeffi-

cient is the largest in absolute value (20.23). The negative
om https://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf
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sign of this coefficient means that the intensification of

this parameter decreases the amount of Cd(II) removal.

However, the effects of adsorbent dose (AA) and tempera-

ture are positive since an increase in percentage removal

of cadmium is observed when these factors change from

low to high. With an increase in adsorbent dose, the

number of sites available for cadmium adsorption increases,

which facilitates an increase in the percentage removal of

Cd(II).

The pH of the solution is the least significant variable

since its coefficient is the lowest in absolute value (5.17).

The interaction effects were also studied and are shown

in Figure 6. The parallel lines in this figure indicate that

there are no significant interactions between the studied fac-

tors. However, the most important interaction is observed

between pH and adsorbent dose. This indicates that decreas-

ing pH from 8 to 5 enhances the cadmium removal

efficiency at low adsorbent dose (0.5 g). This interaction

remains non-significant since the pH of the solution has

no significant effect in the range of values studied.

For a better understanding of the relationship between

factors and a response, a cube plot was produced (Figure 7).

The cube plot shows that increasing adsorbent dose from 0.5

to 1.5 g enhances significantly the Cd(II) removal (from

52.08% to 94.37%) at low temperature (10 WC), while at

higher temperature (40 WC), changes in adsorbent dose do

not have a greater effect (an increase of only 7.14%). In

addition, increasing initial Cd(II) from 10 to 100 mg/L, at

higher adsorbent dose (1.5 g), diminishes the percentage

removal from 94.37% to 32.80% at lower temperature. A

change of only 9.88% is observed at higher temperature.

This means that both the effect of variation of initial

Cd(II) concentration and adsorbent dose are higher when

the temperature is low.

The highest percentage removal in this study was

97.29%, obtained at higher temperature (40 WC), adsorbent

dose of 1.5 g and initial cadmium concentration of 10 mg/L.

Application studies on industrial effluents

The real application of Cd(II) removal by adsorption on AA

was performed on wastewater, containing cadmium ions,

which was collected from a battery manufacturing plant in

Tunisia. The sample was stored in a polyethylene container



Figure 6 | Interaction effects plot for cadmium removal.

Figure 7 | Cube plot for cadmium removal (%).

Table 6 | Characteristics of wastewater collected from a battery manufacturing plant in

Tunisia before and after treatment

Battery effluent before
treatment

Battery effluent after
treatment

pH 5.4 5.6

Cd2þ (mg/L) 6.35 0.07

Pb2þ (mg/L) 1.04 0.12

NO3
� (mg/L) 110.87 108.46

Cl� (mg/L) 280.29 273.39

Ca2þ(mg/L) 120.65 197.34

Mg2þ(mg/L) 78.26 71.53

Salinity (mg/L) 2,690 2,240
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in a refrigerator at a temperature below 4 WC until analysed.

To reduce the cadmium concentration and to possibly reuse

the wastewater, batch adsorption studies using the sample

were carried out under the optimum conditions found pre-

viously (adsorbent dose of 1.5 g and stirred in a

thermostatic bath for 150 minutes at 40 WC). The physico-

chemical characteristics of the effluent before and after the

adsorption process were measured. The results are summar-

ized in Table 6.
s://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf
After batch adsorption, the amount of Cd(II) in the trea-

ted effluents was 0.07 mg/L thereby meeting the Tunisian

NT106.002 standard. Moreover, the results show that the

efficiency of Cd(II) removal was not affected by the presence

of excess amounts of Ca(II) and Mg(II) in real waters and it

should be mentioned that the adsorption process on AA can

be used for removal of other pollutants like lead Pb(II) from

real wastewaters.

These results suggested thatAAhas an excellent potential

application for the removal of cadmium from wastewater.
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Desorption and re-adsorption studies

Desorption and reusability of AA is an important step for

practical application in wastewater treatment technology.

After Cd(II) adsorption with initial concentrations of

10 mg/L and 1.5 g of AA, the adsorbent was filtered and

oven-dried at 80 WC, and the adsorbed Cd(II) was desorbed

with 0.1 mol/L HCl. The desorbed Cd(II) was separated by

filtration and analysed. The spent adsorbent after filtration

was washed several times with deionized water to remove

residual acid, and dried for repeated Cd(II) adsorption

from aqueous solutions. Four successive cycles of adsorp-

tion and desorption of Cd(II) were carried out in the batch

system to assess the reusability of AA for Cd(II) adsorption.

As shown in Figure 8, more than 94% Cd(II) removal is

possible after four cycles of adsorption–desorption.
CONCLUSION

The full factorial design based on two levels and four factors

was used to determine the effect of dose of AA, initial Cd(II)

concentration, pH and temperature on the percentage

removal of Cd(II). Based on the statistical analysis, the

normal plot indicates that the predicted values of the per-

centage removal of cadmium and the experimental data

were in good agreement. The initial Cd(II) concentration,

the adsorbent dose and the temperature are the most signifi-

cant parameter affecting the Cd(II) removal, with t-values

greater than 2.57 and F-values greater than 4.49. Adsorbent

dose and temperature have a positive effect, whereas initial
Figure 8 | Four adsorption–desorption cycles for AA.

om https://iwaponline.com/jwrd/article-pdf/8/1/76/240294/jwrd0080076.pdf

er 2018
Cd(II) concentration exhibits a negative influence on

removal efficiency.

The highest percentage removal of cadmium in this

study was obtained at higher temperature (40 WC), adsorbent

dose of 1.5 g and initial cadmium concentration of 10 mg/L.

The adsorption studies on industrial effluent under optimal

conditions indicate that AA has good potential to remove cad-

mium from wastewater samples since Cd(II) concentration in

the treated effluents were 0.07 mg/L therebymeeting the Tuni-

sian NT106.002 standard. Moreover, the high surface area of

AA (156.7 m2/g) and the advantage of recycling and reuse

make it an attractive wastewater treatment option.
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