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ABSTRACT  

The combined ultrasonic assisted/nanoparticle based procedure was described for an economical and 
rapid removal of meso-tetrakis (4-sulfonatophenyl) porphyrin (TSPP) by copper nanowires loaded on 
activated carbon (Cu-NW-AC). The synthesized Cu-NW-AC was investigated by scanning electron 
microscopy (SEM) and X-ray diffraction (XRD). Response surface methodology (RSM) combined with 
central composite design (CCD) give useful information about the individual contribution and interaction 
amoung variables correspound to above adsorption. In CCD, the effects of variables in the following range, 
pH (X1: 5.0-7.0), adsorbent dosage (X2: 0.021-0.051 g), initial TSPP concentration (X3: 3-15 mg l-1) and 
ultrasound time (X4: 2-10 min.) was investigated to obtain maximum adsorption effeciency. The 
experimental data were subsequently fitted to a second-order polynomial equation using multiple 
regression analysis by appropriate statistical methods. According to the results, the optimum adsorption 
conditions were found to be Cu-NW-AC = 0.04 g, TSPP = 6 mg l-1, pH = 5.5 and ultrasound time = 8.0 min. 
The experimental extraction yield under optimal conditions was found to be 97.60% which confirmed by 
three replicate at optimum conditions leading to removal percentage of 98.16%. The adsorption 
equilibrium isotherm and kinetic models investigation revealed the suitability of Langmuir isotherm and 
pseudo-second-order model for best predication of experimental data. Maximum monolayer capacity 
(Qm) calculated from Langmuir model was found to be 26.385 mg g-1. 

Keywords: Activated carbon; Adsorption; Copper nanowires; Meso-Tetrakis(4-sulfonatophenyl)porphyrin 
(TSPP); Response surface methodology. 
 
 
1. Introduction  
 
Porphyrins are a group of tetrapyrrole compounds that are ubiquitous in biology and are largely 
responsible for pigments in everything from chlorophyll in plants to hemoglobin in blood (Meunier, 1992). 
Synthetic porphyrins and metalloporphyrins have featured widely in recent research due to their rich 
chemistry, making them promising candidates for a large number of applications such as catalysis, 
nonlinear optics, enzyme models, sensors and molecular electronics (Feiters et al., 2000; De Montellano, 

mailto:ghkar@yu.ac.ir


APPLICATION OF RESPONSE SURFACE METHODOLOGY FOR ULTRASOUND-ASSISTED RAPID ADSORPTION 757 

2005; Seufert et al., 2011) as well as their biological and medicinal activities (Granville et al., 2001; Vicente, 
2001).  

However, these materials are hazardous to human health and the environment, and thus necessitate their 
proper management, waste minimization, and eventual disposal. For instance, high levels of porphyrins 
are toxic to the brain, nerves, skin and gastrointestinal tract. Moreover, some porphyrin metabolites are 
toxic and when accumulation in the body cause abnormal sensitivity to light, pain and nerve damage 
including paralysis (Chow and Chow, 2006). 

 

Scheme 1. Structure of TSPP 

On the other hand, water soluble porphyrins are more hazardous than others becaouse they are easily 
soluble in water and consequences for environmental risk assessment.Therefore, it is important to find 
an effective method for their removal from real samples. Meso-tetrakis(4-sulfonatophenyl)porphyrin 
(TSPP) (Scheme 1) as a biomimetic pigment is soluable in water due to the presence of four sulfonate 
groups located on the phenyl rings of the porphyrin. It is belived that TSPP is toxic to humans (LD50 = 0.5 
mmol/kg) (Place et al., 1992). So, it should be considered as a pollutant agent and require to extend new 
method for their efficint and quantitive removal from water media. In this regard versatile approaches 
like photodegradation based on nanomaterials for common pollutants has been reported (Xue et al., 
2015). Amongst, adsorption based procedure is highly recommended. This procedure is a well-established 
technique widely utilized for wastewater treatment due to the advantages such as high efficiency, 
capacity and large scale ability with generable adsorbents (Duran et al., 2009; Ghaedi et al., 2012a; Ghaedi 
et al., 2012c). Activated carbon (AC) is used as a global adsorbent for adsorption of pollutants from 
wastewater due to their extended surface area, non-toxicity, low cost, porous structure, fast adsorption 
kinetics, large adsorption capacities, and high abundance. These advantages make it suitable for use as 
adsorbent and/or support for loading nano-structure materials (Ghaedi et al., 2012b) and extensively 
enhance their subsequent application in various fields. In this technique, application of nano scale 
materials with high surface area elevates the removal percentage and adsorption capacity of AC-based 
adsorbent.  

The literature review shows that no investigation is available for removaling of anionic water-soluble 
porphyrins. 

In this study, Cu-NWs-AC as low-cost, high surface area and eco-friendly adsorbent was prepared, 
characterized and efficiently used for the removal of TSPP from aqueous solutions, while influence of 
variables such as pH, ultrasound time, initial TSPP concentration and adsorbent dosage were investigated 
and optimized by response surface methodology (RSM). Design and analysis of experiments (DOE) have 
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been widely used in planning, analyzing, and running experiments in different areas, such as wastewater 
treatment, food analysis, material production and medication intake, which helps to minimize cost and 
time. The application of DOE in wastewater industries has increased because it enables efficient data 
collection and reduces error by excluding non-significant factors from the experiment, as well as 
increasing the accuracy of the results to the target range. Moreover, adsorption isotherms and kinetics 
parameters were also evaluated and reported. 
 
2. Experimental 
 

2.1. Materials and apparatus 

CuSO4·5H2O, NaOH, HCl, ethylene di-amine (C2H8N2) and hydrazine (N2H4) were analytical reagent grade 
and purchased from Merck (Darmstadt, Germany) and used without further purification. The stock 
solution (100 mg l-1) of TSPP was prepared by dissolving 0.01 g of solid TSPP in 100 ml double distilled 
water and the working concentrations daily were prepared by its suitable dilution. The pH measurements 
were carried out using a digital pH meter (Ino Lab pH 730, Germany) and the TSPP concentrations were 
determined using Jasco UV-Vis spectrophotometer model V-530 (Jasco, Japan) at a wavelength of 414 nm 
for porphyrin. An ultrasonic bath with heating system (Tecno-GAZ SPA Ultra Sonic System, 130 W- 40 KHz, 
Bologna, Italy) was used for the ultrasound-assisted adsorption procedure. The samples were 
characterized by powder X-ray diffraction (XRD) pattern, using Philips Analytical X-Ray, Netherlands 
operating with CuKα radiation for 2θ values over 10-80°. The morphology of the prepared composite 
nanowires was characterized by scanning electron microscopy (SEM, Hitachi S4160, Tokyo, Japan). 

2.2. Synthesis of meso-tetrakis (4-sulfonatophenyl)porphyrin (TSPP) 

In the first step, meso-tetraphenylporphyrin (TPP) was prepared using freshly distilled pyrrole and 
benzaldehyde (Zhou et al., 2007). Meso-tetrakis(4-sulfonatophenyl)porphyrin (TSPP) was prepared by 
suffocation of the prepared TPP (2 g) with concentrated H2SO4 (50 ml). The crude product was purified 
according to the procedure of Tsutsui (Srivastava & Tsutsui, 1973) to yield 60% pure TSPP. The purity of 
TSPP was confirmed by ultraviolet-visible (UV–Vis) and IR spectroscopy. The UV–Vis spectrum of TSPP 
(H2O, pH 10.0) showed five peaks at 414 (Soret band), 513, 552, 581 and 633 nm. The IR spectrum of TSPP 
(KBr) show wed four strong bands at 1218, 1188, 1125 and 1039 cm-1 due to sulfonic acid. 

2.3. Preparation of copper nanowires-AC (Cu-NWs-AC) 

Cu nanowires were synthesized according to Zeng and coworkers (Ghaedi et al., 2015a). Aqueous solution 
of NaOH (30 ml 15 mol L-1) and CuSO4·5H2O (1.0 ml, 0.10 mol l-1) were added to a glass reactor. Then, 
ethylenediamine (2.0 ml; 99 wt %) and hydrazine (1.0 ml; 35 wt %) were added sequentially to this reactor, 
followed by a thorough mixing of all reagents. The reactor was then placed in an ultrasound at 60°C for 
2h, leading to the formation of Cu NWs. 50 ml of the freshly prepared Cu NWs solution was then added 
to activated carbon (3.0 g) in a 100 ml flask under ultrasound at 60°C for 1 h and the mixture was stirred 
for 12 h. The suspension was filtered off and the prepared Cu-NWs-AC was washed with water and dried 
at 95-100 °C for 12 h.  

2.4. Batch adsorption experiment 

The sonochemical adsorption experiment was undertaken as follows: 50 ml of 6 mg l-1 TSPP was mixed 
thoroughly with 0.04 g of Cu-NWs-AC at pH = 5.5 at room temperature for 8 min ultrasound. Finally, the 
sample was centrifuged and the solution was analyzed for the final TSPP concentration via UV-Vis 
spectrophotometry at 414 nm. The efficiency of the porphyrin adsorption was determined at different 
experimental condition according to CCD method (Asfaram et al., 2015a; Bagheri et al., 2015). The 
porphyrin removal percentages were calculated using the following equation (Jamshidi et al., 2016): 

%TSPP removal=
(C0-Ct)

C0
×100% (1) 
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where C0 (mg l−1) and Ct (mg l−1) is the concentration of target at initial and after time t, respectively. The 
adsorption capacity of the TSPP was calculated from the following equation (Nasiri Azad et al., 2015): 

qe=
(C0-Ce)V

W
 (2) 

where C0 (mg l-1) and Ce (mg l-1) are the initial and equilibrium concentrations of TSPP in solution, 
respectively. V (l) is the volume of TSPP solution and W (g) is the mass of the Cu-NWs-AC. 

2.5. Experimental proceedings and design  

The simultaneous optimization is superior to conventional one variable at a time in term of requirement 
of lower number of experiments. Therefore, it is possible to design cheaper protocol that provide useful 
information about influence of each variable in individual situation and/or interaction affecting (Asfaram 
et al., 2015a). 

Table 1. Experimental factors and levels in the central composite design 

Factors Levels 

Low (-1) Central (0) High (+1) -α +α 

X1: pH 5.5 6.0 6.5 5.0 7.0 

X2: Adsorbent dosage (g) 0.028 0.036 0.043 0.021 0.051 

X3: Initial TSPP concentration (mg l-1) 6.0 9.0 12.0 3.0 15.0 

X4: Ultrasound time (min) 4.0 6.0 8.0 2.0 10.0 

 Factors R% TSPP 

Run  X1 X2 X3 X4 R% (Exp.)a R% (Pre.)b Residual 

1 6.0 0.036 9.0 6.0 49.00 46.67 2.33 

2 5.5 0.043 6.0 4.0 90.00 90.94 -0.94 

3 5.0 0.036 9.0 6.0 76.00 75.00 1.00 

4 6.5 0.043 6.0 8.0 84.00 84.94 -0.94 

5 6.0 0.036 9.0 10.0 78.00 77.00 1.00 

6 6.0 0.021 9.0 6.0 42.00 40.88 1.13 

7 6.0 0.036 9.0 6.0 46.00 46.67 -0.67 

8 6.0 0.036 9.0 6.0 45.01 46.67 -1.67 

9 5.5 0.043 12.0 8.0 56.00 56.94 -0.94 

10 6.0 0.051 9.0 6.0 69.00 68.13 0.88 

11 6.0 0.036 3.0 6.0 96.00 95.00 1.00 

12 6.0 0.036 9.0 6.0 44.35 46.67 -2.32 

13 5.5 0.028 12.0 8.0 40.00 41.06 -1.06 

14 6.5 0.028 12.0 4.0 30.00 31.06 -1.06 

15 7.0 0.036 9.0 6.0 51.00 50.00 1.00 

16 6.0 0.036 9.0 6.0 49.00 46.67 2.33 

17 6.5 0.043 12.0 4.0 36.00 36.94 -0.94 

18 5.5 0.028 6.0 4.0 70.00 71.06 -1.06 

19 6.5 0.028 6.0 8.0 71.00 72.06 -1.06 

20 6.0 0.036 9.0 2.0 49.00 48.00 1.00 

21 6.0 0.036 15.0 6.0 32.00 31.00 1.00 
a R% (Exp.): experimental value; R% (RSM): predicted by RSM 

In this work, the CCD was applied for simultaneous optimization of the ultrasonic assisted rapid adsorption 
of TSPP onto Cu-NWs-AC as a green and safe nano structure sorbent. A five-level CCD was used based on 
the variables including pH (X1), adsorbent dosage (g, X2), initial TSPP concentration (mg l-1, X3) and 
ultrasound time (min, X4) in randomized fashion to minimize the effects of the uncontrolled factors. The 
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design matrix and respective responses values for TSPP removal is shown in Table 1. In this technique, a 
second-order polynomial equation will obtain that generally has quadratic equation (Fayyazi et al., 2015). 

y=β0+∑ βixi

4

i=1

+∑∑ βijxixj

4

j=1

4

i=1

+∑ βijxi
2

4

i=1

 (3) 

where y is the predicted response (removal percentage of TSPP); Xi’s are the independent variables that 
are known for each experimental run. The parameter β0 is the model constant; βi’s are the 
linear coefficients; βii’s are the quadratic coefficients and βij’s are the interaction coefficients (Ghaedi et 
al., 2015c). The analyses of variance (ANOVA) correspond to CCD give useful information about 
significance levels of parameters. The graphical interpretation of tri-dimensional plots of response versus 
two factors give information about dependency of signal to each variable as single or binary contribution 
(interaction). 

 

Figure 1. (a) and (b) SEM images of Cu NWs and (c) XRD patterns of Cu NWs-AC 
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3. Results and discusion  
 

3.1. Characterization of adsorbent 

The SEM image of the Cu-NWs (Fig. 1 (a) and (b)) confirm that homogeneous and smooth surface of AC 
modified by large quantity of well-dispersed Cu NWs with average diameter of ~ 81 nm (calculated from 
20 nanowires randomly selected from the SEM image). The lengths of the nanowires vary from tens to 
hundreds of micrometers. XRD analysis (Fig. 1c) reveals (111), (200) and (220) crystal planes which is in 
good agreement with card number of JCPDS 65-9743 and proves the face-centered cubic structure of Cu 
NWs. 

3.2. CCD results for adsorption of the porphyrin 

In the CCD, the plan of experiments was run in a random manner in order to minimize the effect of 
uncontrolled variables. Table 1 show the independent variables (pH, X1), adsorbent dosage (g, X2), initial 
TSPP concentration (mg l-1, X3) and ultrasound time (min, X4) at five levels according to previous reports 
(Roosta et al., 2015).  

21 experiments were performed for the optimization of the adsorption procedure according to the CCD 
and their responses are presented in Table 1. 

Table 2 presents the results of ANOVA and respective regression coefficients based on the judgment of p 
< 0.05. The lack of fit (LOF) as data variation around the fitted model considered as criterion for judgment 
about adequacy of obtained model. This phenomenon emerged from elimination of effects concern to 
the additional higher-order terms. The failure of theoretical model for the best prediction of real LOF was 
0.300 that suggest the high ability and applicability of theoretical model for accurate and repeatable 
prediction of real behavior of experimental data. The quality of fitting of the polynomial model equation 
was expressed by the coefficient of determination (R2=0.9953 and adjusted R2=0.9844).  

Table. 2. Analysis of variance (ANOVA) for R% of TSPP. 

Factor SS Degrees of freedom MS F p 

X1 312.500 1 312.500 64.230 0.00131 

X1
2 393.031 1 393.031 80.782 0.00085 

X2 742.563 1 742.563 152.623 0.00025 

X2
2 96.146 1 96.146 19.762 0.01129 

X3 2048.000 1 2048.000 420.938 0.00003 

X3
2 418.253 1 418.253 85.966 0.00075 

X4 420.500 1 420.500 86.428 0.00074 

X4
2 393.031 1 393.031 80.782 0.00085 

X1X2 36.125 1 36.125 7.425 0.05272 

X1X3 68.063 1 68.063 13.989 0.02012 

X1X4 39.062 1 39.062 8.029 0.04718 

X2X3 15.125 1 15.125 3.109 0.15265 

X2X4 1.125 1 1.125 0.231 0.65573 

X3X4 14.063 1 14.063 2.890 0.16434 

Lack of Fit 16.062 2 8.031 1.651 0.30013 

Pure Error 19.461 4 4.865   

Total SS 7610.979 20    

Quality of quadratic model based on R2 and standard deviation 

Response SD mean CV% Adequate precision R2 

R% TSPP 2.43 57.30 4.25 31.12 0.9953 
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The large adjusted R2 values indicate a good relationship between the experimental data and the fitted 
model. The value of the “adequate precision” for this model is 31.12 and support sufficiency of model and 
empirical equation for accurate and repeatable prediction of response.  

 

Figure 2. (a) Plot of predicted value vs. observed value for adsorption of TSPP. (b) Plot of residuals 
versus predicted response for adsorption of porphyrin. (c) Standardized main effect Pareto chart for the 

CCD. The vertical line in the chart defines 95% confidence level 
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y=911.0+225.8X1-25.95X2+2238X3-25.07X4+566.7X1X3+3.125X1X4+15.83X1
2+0.4536X3

2+0.9893X4
2 (4) 

 

Figure 3. 3D surface mapping plots for multiple effects of (a) adsorbent dosage and initial TSPP 
concentration, (b) ultrasound time and pH. 

Plot of observed experimental data versus those obtained from Eq. 4 is shown in Fig. 2a. The figure proves 
that the response predicted according to empirical model is in good agreement with the experimental 
data. Fig. 2b depicts the diagram of the residuals based on the predicted response percent efficiency. The 
Pareto chart is used widely in quality control settings to identify critical factors leading to failure or defects 
in a process (Rosales et al., 2012). In this chart, there is a vertical line that represents a 95% test for 
significance effect. Passage of each parameters level from vertical critical line proof its significant 
contribution on response.  

In this study, the Pareto chart obtained for adsorption of TSPP (Fig. 2c) shows that all the effects and 
interactions except the interaction of X1X2, X2X3, X2X4 and X3X4 are significant at 95% confidence level.  
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3.3. Effect of process variables 

Fig. 2 (a, b) represents the most relevant fitted response surfaces for the design and depicts the response 
surface plots of R% versus significant variables. These plots were obtained for a given pair of factors at 
fixed and optimal values of other variables. Fig. 3 (a) presents the interaction of TSPP concentration with 
adsorbent dosage. The actual amount of adsorbed TSPP significantly increased. The decrease in the extent 
of adsorption with initial TSPP concentration was due to the increase in the ratio of the porphyrin 
molecule to the surface area available for adsorption. These results might be due to the non-availability 
of active sites on the adsorbent surface.  

As shown in Fig. 3 (b), at higher pH a lower adsorption efficiency was observed while more sonication time 
cause better and higher removal efficiency. 

3.4. Numerical optimization of decolorization process 

The profile for predicted values and desirability option in the statistical 10.0 software is used to optimize 
the process (Fig. 4). The scale in the range of 0.0 (undesirable) to 1.0 (very desirable) issued to judgment 
value for global function (DF) as best criterion for optimization of designed variables. 

The CCD (Table 1) has maximum (96.00%) and minimum (30.00%) R% for TSPP and their analysis of 1.0 is 
related to maximum removal percentage (98.16%) is assigned to following best mild conditions: 0.04 g of 
Cu-NW-AC, 6 mg l-1 of TSPP in pH=5.5 and ultrasound time of 8.0 minutes at room temperature. 

 

Figure 4. Profiles for predicated values and desirability function for adsorption of TSPP. Dashed line 
indicated current values after optimization. 
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3.5. Isotherm study 

Adsorption equilibrium isotherms represent mathematical relation of amount of adsorbed target per 
gram of adsorbent (qe (mg g-1)) to the equilibrium solution concentration (Ce; mg l-1) at fixed temperature. 
This investigation has great attention from both theoretical and practical point of view to obtain strong 
knowledge about surface properties of adsorbent and removal mechanism (Asfaram et al., 2015b). 

The experimental adsorption equilibrium data for adsorption mechanism on to Cu-NWs-AC was evaluated 
using different models such as Langmuir, Freundlich, Temkin, Dubinin-Radushkevich methods. 

The Langmuir isotherm validity and applicability is correspond to situations such as solute adsorption as 
monolayer identical surface sites through similar energies without transmigration (Langmuir, 1916). The 
maximum adsorption capacity is criterion for judgment about suitability of adsorbent for real situation 
(Oberle et al., 2015). 

A plot of Ce/qe versus Ce should indicate a straight line with slope of 1/Qm and an intercept is equal to 
1/(KaQm) (Table 3).  

The high adsorption capacity of 26.385 mg g-1 using 0.035-0.04 g adsorbent shows that the equilibrium 
data correspond to TSPP adsorption follow the Langmuir model (Table 3). 

The Freundlich model (Ghaedi et al., 2015b) is assigned to adsorption onto non-ideal heterogeneous sites 
following logarithmic decrease in process enthalpy.  

kF show information about the binding energy (adsorption or distribution coefficient) and also quantity of 
adsorbed dye, while1/n show adsorption intensity of TSPP onto the adsorbent (surface heterogeneity)  

The value closer to zero confirms the heterogeneity of surface. 1/n < 1 indicates normal Langmuir 
isotherm while 1/n above 1 indicate bi-mechanism and cooperative adsorption). The applicability of the 
Freundlich adsorption isotherm was assessed by plotting log (qe) versus log (Ce) and respective values for 
these model constants is shown in Table 3. The correlation coefficients (0.987-0.989) show that Freundlich 
model has lower efficiency with respect to Langmuir model.  

Temkin adsorption isotherm judgment is carried out according to R² value and lower value is concerned 
to error analysis (Abdallah & Taha, 2012). Although, both Langmuir and Freundlich model has reasonable 
and acceptable for R² value, but they assume that heat is logarithmic relation in contrast to adsorption.  

In this model, B is the Temkin constant related to heat of the adsorption (J mol-1), T is the absolute 
temperature (K), R is the universal gas constant (8.314 J mol-1 k-1) and KT is the equilibrium binding constant 
(L mg-1). 

Examination of the data shows that the Temkin isotherm is efficiently usable for fitting the TSPP 
adsorption onto Cu-NWs-AC. The linear isotherm constants and coefficients of determination are 
presented in Table 3. The heat of TSPP adsorption onto Cu-NWs-AC was found to increase from 3.346 to 
4.783 kJ mol−1 with decrease in Cu-NWs-AC from 0.035 to 0.04 g. The correlation coefficients R2 obtained 
from Temkin model were comparable to that of Langmuir and Freundlich equations, which explain the 
applicability of Temkin model to the adsorption of TSPP onto Cu-NWs-AC. 

The Dubinin-Radushkevich (D-R) model was also applied to estimate the porosity, free energy and the 
characteristics of adsorbents (Chieng et al., 2015). The D-R isotherm does not assume a homogeneous 
surface or constant adsorption potential. 

In this model, K is a constant related to the adsorption energy, QS is the theoretical saturation capacity, ε 
is the Polanyi potential. The slope of the plot of ln qe versus ε² gives K (mol2 (kJ2)-1) and the intercept yields 
the adsorption capacity; QS (mg g-1). The mean free energy of adsorption (E), for transfer of one mole of 
the target from infinity in solution to the surface of the solid was calculated from the K value using the 
following relation (Lakouraj et al., 2015): 

E=
1

√2K
 (5) 
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The calculated value of D-R parameters is given in Table 3. The model saturation adsorption capacity at 
optimum conditions using different amount of adsorbents (0.035-0.04 g) is in good agreement with 
respective Langmuir value (26.385-15.698 mg g-1). 

This models was applied in two dosage of adsorbent at optimal condition and the results are reported in 
Table 3. Fitting the experimental data in these isotherm models and considering the higher values of 
correlation coefficients (R2 =0.999) it is concluded that Langmuir isotherm model is the best model to 
explain the TSPP adsorption over Cu-NWs-AC.  

Table 3. Isotherm constant parameters and correlation coefficients calculated for the adsorption of TSPP 
onto Copper nanowires-AC.  

Isotherm Equation Parameters 0.035 0.04 g 

Langmuir 1/qe = 1/(Ka Qm Ce ) +1/Qm 

Qm (mg g-1) 26.385 15.698 

Ka (l mg-1) 0.801 1.810 

R2 0.995 0.996 

Freundlich qe = ln KF + (1/n) ln Ce 

1/n 0.750 0.595 

KF (l mg-1) 2.953 2.764 

R2 0.990 0.987 

Temkin qe = B1 ln KT + B1 ln Ce 

B1 4.783 3.346 

KT(l mg-1) 10.927 19.283 

R2 0.984 0.987 

Dubinin-
radushkevich 

ln qe = ln Qs -B2 

Qs (mg g-1) 13.135 10.665 

β×10-8 5.850 3.960 

E (kJ mol-1) 4.135 5.025 

R2 0.977 0.975 

3.6. Kinetic study 

Several steps explain dynamics and mechanism of sorption process such as chemical reaction, diffusion 
control and mass transfer. Thus, pseudo-first-order (Ho, 2006), pseudo-second-order (Lagergren, 1898), 
Elovich (Aksakal & Ucun, 2010) and intraparticle diffusion (Asfaram et al., 2014) kinetic models were used 
to analyze the adsorption of TSPP onto Cu-NWs-AC. The agreement between experimental data and the 
model-predicted values usually need high correlation coefficients (R2 values close or equal to 1). The 
relatively higher value shows the more applicability of model and closeness of experimental and 
theoretical adsorption capacity.  

In pseudo-first-order model, plot of log (qe-qt) versus t gives a linear relationship from which k1 and qe can 
be determined from the slope and intercept, respectively. If the intercept dose not equal qe then the 
reaction is not likely to be first-order reaction even this plot has high correlation coefficient with the 
experimental data (Rahman & Haseen, 2014). The variation in rate should be proportional to the first 
power of concentration for strict surface adsorption. However, the relationship between initial solute 
concentration and rate of adsorption will not be linear when pore diffusion limits the adsorption process. 

The correlation coefficient R2 is relatively low for most adsorption data (Table 4), which indicates that the 
adsorption of TSPP onto Cu-NWs-AC. The adsorption kinetic may be described by the pseudo-second 
order model. the plots of log (qe−qt) versus t does not show good results for the entire sorption period, 
the plots of t/qt versus t give straight line confirm the applicability of the pseudo-second-order equation. 
Values of k2 and qe (calculated from the intercept and slope of the plots of t/qt versus t) and R2 value, in 
addition to closeness of qe experimental to theoretical value indicate that this equation produced better 
results (Table 4): R2 values for pseudo-second-order kinetic model were found to be higher (0.999) for Cu-
NWs-AC, and the calculated qe values are mainly equal to the experimental data. This indicates that the 
TSPP adsorption systems obey the pseudo-second-order kinetic model for the entire sorption period. 
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Table 4. Kinetic parameters for the adsorption of dyes using 0.035 and 0.04 g Copper nanowires-AC as 
well as 6 mg l-1 of TSPP. 

 Equation Value of parameters  

Model  Parameters 0.035 g 0.04 g 

Pseudo-First-
order- kinetic 

log (qe-qt) = log (qe) - k1/2.303t 

k1 (min-1) 0.572 0.463 

qe (calc) (mg g-1) 2.914 1.010 

R2 0.924 0.968 

Pseudo-second-
order-kinetic 

(t/qt) = 1/(k2qe
2) + 1/qe(t) 

k2 (min-1) 0.003 0.001 

qe (calc) (mg g-1) 9.804 9.900 

R2 0.999 0.999 

Intraparticle 
diffusion 

qt = Kdif t1/2 + C 

Kdiff (mg g-1 min-1/2) 0.812 0.394 

C (mg g-1) 7.513 8.805 

R2 0.991 0.999 

Elovich qt =1/β ln(β) + 1/β ln(t) 

β (mg g-1 min-1) 1.548 0.316 

α (g mg-1) 25.102 681.33 

R2 0.957 0.982 

 Experimental data qe (exp) (mg g-1) 9.558 9.772 

The Elovich equation is another rate equation based on the adsorption capacity. In this model, plot of qt 
versus ln (t) should yield a linear relationship if the Elovich is applicable with a slope of (1/β) and intercept 
of (1/β) ln (αβ) (Ghaedi et al., 2015c). The Elovich constants obtained from the slope and the intercept of 
the straight line reported in Table 4.  

Another alternative method for kinetic evaluation of an adsorption process is intra-particle-diffusion. In 
this process TSPP is probably transported from its aqueous solution to the adsorbents by intraparticle 
diffusion. Therefore, this model should be used to study the rate-limiting step for both dyes adsorption 
onto Cu-NWs-AC.  

The values of Kdif and C (calculated from the slopes of qt versus t1/2) value is reported in Table 4. The values 
of qt were found to give two lines part with values of t1/2 and the rate constant Kdif directly evaluated from 
the slope of the second regression line. Two lines depend to the exact mechanism; the first one of 
represent initial surface adsorption and the second one is the intraparticle diffusion at the end of the 
reaction. As still there is no sufficient indication about which of the two steps is the rate-limiting step.  

It was reported that if the intraparticle diffusion is the sole rate-limiting step, the plot of qt versus t1/2 must 
pass through the origin and the value of C is equal to zero. Both of these results show that the intraparticle 
diffusion model may be the controlling factor in determining the kinetics of the process (Dahri et al., 
2014). The R2 a value given in Table 4 is away to unity show not applicability of this model and, reject that 
the rate-limiting step is the intraparticle diffusion process. In this case, the intraparticle diffusion model 
may be the controlling factor in determining the kinetics of the process. 

 
4. Conclusion  
 
The Cu-NWs-AC with high surface area were synthesized in our research lab and characterized with SEM 
and XRD analysis. This material successfully used for adsorption of meso-tetrakis(4-
sulfonatophenyl)porphyrin (TSPP) as an organic dye in aqueous solution by spectrophotometry. By using 
RSM, the effective pH was found to be 5.5 and the optimum adsorbent dose was found to be 0.040 g for 
6.0 mg l-1 of TSPP at 8.0 min ultrasound time with removal percentage above 98.00%. The predictions of 
the model are in good agreement with the experimental data and the evaluation tests demonstrate that 
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the regression model produced by RSM is reliable in the range of operating conditions. This DOE technique 
is a proper method to maximize the adsorption by estimating the optimum operating parameters. 
Langmuir isotherm gave best fit to adsorption data compared to other isotherms. This fact may be 
attributed to high Langmuir surface area of the adsorbent. The data indicated that the adsorption kinetics 
follows the pseudo-second-order rate in addition to intraparticle diffusion. 
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