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Abstract—Discharging the effluents of textile wastewaters into potable water resources can endanger the ecosystem,
due to their reactivity, toxicity, and chemical stability. In this research, the application of powder activated carbon modi-
fied with magnetite nanoparticles (PAC-MNPs) as an adsorbent for removal of reactive dyes (Reactive black 5 (RB5)
and reactive red 120 (RR120)) was studied in a batch system. The adsorption performance was evaluated as a function
of temperature, contact time and different adsorbent and adsorbate concentrations. The levels of factors were statisti-
cally optimized using Box-Behnken Design (BBD) from the response surface methodology (RSM) to maximize the
efficiency of the system. The adsorption process of both dyes was fit with the pseudo-second order kinetic and Lang-
muir isotherm models. The identified optimum conditions of adsorption were 38.7 °C, 46.3 min, 0.8 g/L and 102 mg/L
for temperature, contact time, adsorbent dose, and initial dyes concentration, respectively. According to the Langmuir
isotherm, the maximum sorption capacities of 175.4 and 172.4 mg/g were obtained for RB5 and RR120, respectively.
Thermodynamics studies indicated that the adsorption process of the reactive dyes was spontaneous, feasible, and
endothermic. After five cycles, the adsorption efficiency was around 84 and 83% for RB5 and RR120, respectively. A
high value of desorption was achieved, suggesting that the PAC-MNPs have a good potential in regeneration and reus-
ability, and also can be effectively utilized in industrial applications. PAC-MNPs also show a good anti-interference

potential for removal of reactive dyes in dye-industry wastewaters.
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INTRODUCTION

Ever increasing industrial growth has led to an increased amount
of pollutants disposal into the environment. The amount of indus-
trial wastewater effluents containing dyes has recently increased,
because dyes and their relative compounds are widely used in
industrially for various purposes, including in chemical laborato-
ries for analytical purposes and many biological and biomedical
laboratories (e.g., biological stains). The presence of dyes in water
resources reduces the penetration of light into water, which not
only could result in lowering the rate of photosynthesis and oxy-
gen production, but also could endanger aquatic organisms and
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microorganisms [1,2]. Also, dyes are, in fact, of organic nature which
their presence in the wastewater effluents not only increases the
chemical oxygen demand (COD), but also decreases the biologi-
cal degradability of the effluents [1,3]. Considering the negative ef-
fects, structure and stability of these compounds, their complete
removal from water resources and wastewater effluents is an im-
portant environmental priority [4,5].

Several technologies are available for removing dyes from aque-
ous environments, including ion exchange, coagulation and floc-
culation, adsorption, advanced oxidation and extraction (AOP),
membrane filtration and biological methods [2,6-10]. However, most
of these methods have their own drawbacks, like the operational
and capital costs which are considered to be the limiting factors in
applying most of these methods. In addition, there are specific prob-
lems regarding sludge disposal and production of hazardous byprod-
ucts [11]. The biological methods are not regarded as effective and
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appropriate; time-consuming fermentation processes required for
most of these methods and also inability to remove dyes consis-
tently are the main disadvantages [4].

The adsorption process has been widely applied and proven to
be a suitable method for treatment of dyed wastewaters. On one
hand, there are specific advantages in using the adsorption pro-
cess, including simple design, ease and low operational cost, insen-
sitivity towards the toxic compounds and removal efficiency even
at very low concentrations of contaminants [12-17]. On the other
hand, this process requires filtration and centrifugation, which in-
creases the amount of turbidity in the effluents. To overcome these
problems, an appropriate way can be the magnetization of the ad-
sorbents where the adsorbent and adsorbed contaminants can be
simply and rapidly separated from the solution by means of an exter-
nal magnetic field [18-21]. To magnetize the adsorbents, iron oxide
nanoparticles (IONs), known as magnetic nanoparticles (MNPs)
(e.g. Fe;0,, a-Fe,0s, 7-Fe,0; and FeO (OH)) need to be incorpo-
rated with them [11,22,23]. The combination of MNPs (i.e., Fe;O,)
with the adsorbent could result in having better kinetics for the
adsorption of pollutants and also chemical stability. It is notewor-
thy that the later one originates from the basic properties of PAC
(ie., its extremely small size and also high surface area-to-volume
ratio) [16,24,25]. Recently, various adsorbents including multi-wall
carbon nanotube [26,27], activated carbon [4], chitosan [28], gra-
phene [29] have been magnetized and applied for decolorization
of wastewater effluents.

However, most of these adsorbents suffer from low surface area
and adsorption capacity, complex synthesis procedure, high cost of
raw materials and difficult accessibility. In contrast, PAC provides
a noticeable adsorption capacity for contaminants removal and
exhibits high potential as a supporting for uniform distribution of
MNPs, due to high specific surface area, porosity and easy avail-
ability. Therefore, in the present study; a composite of PAC and mag-
netite nanoparticles (PAC-MNPs) was prepared, characterized and
then used as an adsorbent for removal of reactive dyes (Reactive
Black 5 (RB5) and Reactive Red 120 (RR120)) from aqueous solu-
tions. Herein, magnetic composite was synthesized with two goals:
(i) to use PAC-MNPs with a high adsorption capacity as a first study
on adsorption of RB5 and RR120 from aqueous solution, and (ii)
to solve the operational problems of PAC such as filtration, centrif-
ugation, and causing turbidity in the effluents. To describe the experi-
mental data, the kinetics, equilibrium isotherms and thermodynam-
ics of the adsorption of dyes were fully studied. The experiments
were designed and optimized by using response surface method-
ology (RSM) approach.

MATERIALS AND METHODS

1. Reagents and Equipment

All chemicals were of analytical-laboratory grade and purchased
from Sigma (Sigma-Aldrich., Germany) and used without further
purification. Two commercial textile dyes, Reactive Black 5 (RB5,
55% purity) and Reactive Red 120 (RR120, >50% purity), were used
to prepare the stock solution. The structure and specific physico-
chemical properties of the investigated dyes are given in Supple-
mentary data Table S1. Ferrous sulfate heptahydrate (FeSO,-7H,0O

>99.5%), powder activated carbon (PAC) and NaOH were applied
to prepare the adsorbent. Deionized water (DI-water) was also used
throughout all the experiments for preparation of required solu-
tions. In addition, 0.1 M hydrochloric acid (0.1 M HCI) solution
was used to adjust the pH of solutions. The concentration of the
residual dyes in the solution was measured using a UV-Visible spec-
trophotometer (DR 5000, HACH Co., USA) at their maximum
absorption wavelength. To evaluate the stability of PAC-MNPs, the
concentration of total iron leached from the adsorbent into the
solution was measured by atomic absorption spectrophotometry
(AAS, Shimadzu AA 6800) with respect to the ASTM D1068-90
method [30].
2. Adsorbent Synthesis

The composite of PAC-MNPs with small alerts was prepared in
accordance to co-precipitation technique given in our previous
work [20]. In brief, by adding 0.556 g of FeSO, into 200 mL of DI-
water under nitrogen atmosphere, 10 mmol ferrous sulfate solu-
tion was prepared and then 1 g of PAC was added into the solution.
The obtained suspension was mixed using a magnetic stirrer, while
20mL of 10% NaOH solution was added dropwise into the sus-
pension for 5min to precipitate the hydrated iron oxides. During
the addition of NaOH solution, the color of the suspension became
dark brown at pH~6 and then turned to black at pH~10. The sus-
pension was then vigorously stirred for 1 h at 100 °C. At this stage,
the suspension was cooled at room temperature, then the resul-
tant magnetic adsorbent was separated employing an external
magnetic field and washed several times with DI-water until its
pH reached neutral state. All non-magnetic PAC particles were
removed from the sample during the washing cycles. After washing,
the as-synthesized composite was dried at 105 °C in an oven for 1 h,
and finally stored in an air-tight container to be used for the future
experiments.
3. Characterization of the Adsorbent

In the present study; a transmission electron microscope (TEM,
PHILIPS, EM) at 100 kV was used to characterize the shape and
size of synthesized MNPs. The surface morphology of PAC-MNPs
and the magnetite distribution within the PAC were analyzed using
a scanning electron microscope (SEM, PHILIPS, XL-30) at 25 kV.
The sample was set in epoxy and then placed in the sample cham-
ber and evacuated by using high vacuum (5x10~” Torr). The sam-
ple was bombarded with a finely focused electron beam. A three-
dimensional topographic image (SEM micrograph) was formed by
collecting the secondary electrons generated by the primary beam.
An energy dispersive X-ray (EDX, PHILIPS, X1-30) technique was
also used to characterize the elemental composition of the adsor-
bent. This technique was carried out on sintered pellets by a Zeiss
EVO 40 scanning electron microscope in conjunction with EDX
system. The XRD pattern of PAC, MNPs and PAC-MNPs were
analyzed (Quantachrome, NOVA 2000) using graphite monochro-
matic copper radiation (Cu Ke;, A=1.54 A) at 25 °C. Samples were
placed in a zero background metal holder and scanned from 26 of
5° to 70° with a scanning speed of 2° 20min™". BET analysis (Quan-
tachrome, 2000, NOVA) was applied to determine the surface area
of the synthesized adsorbent. Prior to the measurement, the sample
was degassed at 100 °A for 8 h in an out-gassing station to remove
any adsorbed water or entrapped gases. Magnetic properties of
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PAC-MNPs were investigated by a vibrating sample magnetometer
(VSM) (7400, Lakeshore, USA) at room temperature.
4. Adsorption Study

The stock solution of dyes (500 mg/L) was prepared by dissolv-
ing an accurately weighed amount of RB5 and RR120 in DI-water.
The adsorption experiments of RB5 and RR120 dyes onto PAC-
MNPs were conducted in a batch environment in 100 mL conical
flasks containing 50 mL of the prepared solutions of dyes. All con-
ical flasks were sealed to remove the effect of irradiation on the
adsorption process performance. In this study, the effect of differ-
ent experimental variables including contact time, different adsor-
bent and adsorbate concentrations and solution temperature on
the removal efficiency of dyes was investigated. All the experiments
were at an optimum pH of 4+0.5, which was obtained through
pre-experiments. First, the samples were shaken at a constant rate
of 200 rpm to reach adsorption equilibrium conditions. At appro-
priate time intervals, the aliquots were withdrawn from the solu-
tions and the adsorbent was separated by using a magnet. The
remaining concentrations of dyes were measured using a UV-Visi-
ble spectrophotometer at the respective A,,, values (597 nm for
RB5 and 511 nm for RR120). All the experiments, except for the
BBD method, were in triplicate, and the mean and the standard
deviation (SD) of the values were used to calculate the final results.
The adsorption capacity (q,) and the removal efficiency (R%) of
RB5 and RR120 dyes were obtained through the following equa-
tions:

Dye adsorption capacity (mg/g)=(C,— CQ(%) 1)

C
Dye removal efficiency (%)=100x (1— a—;) ()

where, C; and C, are the initial and equilibrium dyes concentra-
tions (mg/L), respectively. V, m, and q, are the volume of the solu-
tion (L), the dry weight of the adsorbent (g), and the amount of
adsorption capacity at equilibrium time (mg/g), respectively.

5. Experimental Design

Response surface methodology (RSM) is a combination of sta-
tistical and mathematical methods used to distinguish the best con-
ditions for conducting the experiments with the least number of
required experiments. In addition, it was applied as an empirical
study for examining the relationship between the measured responses
and the number of independent variables with the purpose of opti-
mizing the response. A three-level factorial design was established
using Design Expert software 8.0 (Stat-Ease Inc., Minneapolis MN,
USA) following Box-Behnken methodology. Box-Behnken design
(BBD) was used to clarify the relationship between the indepen-
dent variables and the response function.

In this work, four independent variables were designated includ-
ing, X, (temperature, °C), X, (contact time, min), X; (dose of PAC-
MNPs, g/L), and X, (initial dye concentration, mg/L). In addition,
the low (—1), middle (0) and high (+1) levels of each variable were
designated. The experimental ranges and levels of the mentioned
independent variables are shown in Table 1. Removal percentage
of dyes (Y) was regarded as the response of the system. To com-
pare different variables with various units, the actual values of the
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Table 1. Independent variables and response of adsorption

Ranges and levels

Independent variables Symbols

-1 0 +1
Temperature (°C) X, 25 35 45
Contact time (min) X, 20 40 60
Adsorbent dose (g/L) X, 0.5 1 15

Initial dye concentration (mg/L) Xy 50 100 150

variables (denoted as X;) were coded based on the following equa-
tion:

Ay=bd ©)

where, A, is the coded value of the variable, Ax is the difference
between the high and the median values of the variable and X refers
to the median value of the variable.

A total of 29 experiments was set upon, for which the coefficients
of the second-order polynomial regression model for four variables
with three levels were calculated. The behavior of the adsorption
process can be explained based on the following empirical second-
order polynomial model Eq. (4):

Yobyt Sba+ b+ T 3 byxx @
i=1 i=1 i=1 j=i+1

where, Y is the predicted response (dye removal efficiency), b, is a
constant while, b, b; and b; stand for the linear coefficient, qua-
dratic coefficient and interaction effect coefficient, respectively. x;
and x; are also the coded values of the variables. In addition, analy-
sis of variance (ANOVA) was used to analyze the results and also
to check the statistical significance of the fitted quadratic models.
The optimal values of the critical parameters for adsorption pro-
cess were calculated by using the fitted models and then validated
based on the results of the experiments.
6. Elution and Regeneration Experiments

The regeneration of the adsorbent should be taken into account
when one wants to lower the cost of the adsorption process and
also recover the pollutants extracted from wastewater. Since the
adsorption of RB5 and RR120 dyes on the PAC-MNPs is a revers-
ible process, there is a possibility in either regenerating or activat-
ing the adsorbent in terms of reusability. In the present study, first,
the performance of dyes adsorption with an initial concentration
of 50 mg/L for five consecutive adsorption-desorption cycles was
assessed under the following conditions: 60 min contact time and
adsorbent dose of 1 g/L. At the end of each adsorption cycle, de-
sorption experiments were carried out using 0.1 M NaOH solu-
tion as a desorbing agent. Based on the reports of researchers who
previously employed NaOH as a desorbing agent to desorb con-
taminants from different loaded adsorbents magnetized by Fe;O,
NPs, this agent has a high desorption ability [31,32]. In addition, it
was selected to avoid damaging the adsorbent and/or physical
changes in its structure. Here, 0.1 g of PAC-MNPs loaded with RB5
and RR120 dyes was added to 10 mL of 0.1 M NaOH solution and
then placed on a shaker for 12 h at 200 rpm and 25+1 °C.
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The regeneration efficiency (%RE) of composite was calculated
using Eq. (5). The adsorbent was thereafter repeatedly washed with
DI-water and finally dried in an oven at 100°C for 6h and then
reused for the subsequent adsorption-desorption cycle.

(%RE)= (;1—9 %100 )

where q, and q, (mg/g) are respectively the adsorption capacities
of PAC-MNPs before and after regeneration.

RESULTS AND DISCUSSION

1. Properties of Adsorbent

Fig. 1(a) and (b) show the TEM image of MNPs at 25 keV and
the SEM image of PAC-MNPs at 100 keV, respectively. The TEM
micrograph of MNPs reveals spherical structure of magnetic parti-
cles with the average diameter of 30-80 nm. It can be seen that the
color of the center of the sphere is darker than the other parts, con-
firming the presence of MNPs. However, due to the coating of car-
bon, the color of the edge of the sphere is lighter than the other parts.
In addition, the SEM image shows uniform distribution of the pores
on the PAC, suggesting the good porosity of the synthesized adsor-

(2)
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bent. It also depicts that the external surface of the adsorbent is
rough and has some cavities. The elemental analysis of PAC-MNDPs,
which was conducted using EDX (Fig. 1(c)), confirms the presence
of specific elements including carbon, oxygen, iron, lead and zinc
in the structure of the adsorbent. It also illustrates that the PAC-
MNPs structure consists of 71.6% carbon, 8.3% oxygen and 20.1%
iron. From EDX results, it can be implied that iron and oxygen
were the major elements of the coating. The presence of trace
amounts of lead and zinc represents that there are very minor
impurities in the structure of PAC.

Furtheremore, XRD analysis was conducted by using Cu Ko
radiation at 25 °C. The results shown in Fig 1(d) indicate a broad
peak (260=22°) observed in the pattern of PAC. In other words, it
reflects the characteristics of carbon amorphous nature. Note that
the XRD pattern of MNPs was consistent with the PDF card in
the database (Joint Committee for Power Diffraction Studies, Card
No. 19-0629). Six narrow peaks at 26 of 30.07°, 35.44°, 43.15°,
54.6°, 56.99° and 62.6° were in correspondance to the (220), (311),
(400), (422), (511), and (440) plane of the orthorhombic magne-
tite, respectively. These peaks as well as the peak assigned to car-
bon (26=25") were also observed in the pattern of synthesized
PAC-MNPs composite, indicating successful synthesis of magne-

(b) pe

( d) * ® Carbon

Intensity (a.u.)

10 20 30 40 ER) 60 70
2 Theta (degree)

Fig. 1. Characterization of PAC-MNPs: (a) TEM photograph of MNPs; (b) SEM photograph of PAC-MNPs; (c) EDX spectrum of PAC-

MNPs and (d) XRD pattern of PAC, MNPs and PAC-MNPs.
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Table 2. Main characteristics of adsorbents synthesized in this study

Value

Parameter Unit

PAC MNPs PAC-MNPs
Specific surface area (BET) m’/ g 936 66.3 728.7
Pore volume cm’/g 0.753 0.008 0.436
Average pore diameter nm 5.24 0.85 3.7
Pore structure - Mesopore Micropore Mesopore
PHzec - 7.9%0.2 - 6.4+0.2
Color - Black Black Black

tite crystals on the carbon surfaces. The existence of MNPs in the
composite structure confirms that the obtained adsorbent can be
separated from aqueous solutions using magnets. These results
show that the nature of both MNPs and PAC-MNPs composite
was crystalline. Although the carbon is amorphous, the observed
crystallinity of the PAC-MNPs can be derived from the presence
of iron oxide [33].

The specific surface area, volume and average pore diameter of
MNPs, PAC and PAC-MNPs were measured using the BET meth-
ods and the relative results are shown in Table 2. As can be seen
from the table, the average pore size was 3.7 nm. On the basis of
IUPAC classification (micropores (d<2 nm), mesopores (2<d<50
nm) and macropores (d>50 nm)), this could be classified into the
mesopores groups [34]. The total pore volume obtained at p/p,=
0.99 by BET was 0.436 cm’/g. Results of the BET analysis also indi-
cated that the highest surface area of PAC-MNPs was 728.7 m’/g,
which is slightly less than that of PAC (936 m’/g). Note that the
reason for this observation could be due to the filling of pores on
PAC by MNPs. Fig. 2 shows the VSM magnetization curve of MNPs
and PAC-MNPs at 25 °C in the cycling magnetic field of —10kOe
to +10 kOe. Maximum saturation of magnetization for MNPs and
PAC-MNPs was, respectively, about 8.6 and 6.2 emu/g. The mag-
netization value for PAC-MNPs composite was less than its corre-
sponding amount for the naked MNPs. In fact, this could be due
to the presence of non-magnetic PAC in the composite structure.
This saturation of magnetization (6.2 emu/g) was higher than that
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Fig. 2. Magnetization curves of MNPs and PAC-MNPs.
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reported in previously conducted studies as a sufficient magnetiza-
tion amount for magnetic separation of adsorbents [35,36]. This
finding demonstrates that the PAC-MNPs exhibit an excellent mag-
netic response to a magnetic field. Therefore, this magnetic com-
posite could be employed as an adsorbent for environmental pur-
poses. Additionally; this adsorbent can easily and rapidly be removed
from the solution without generating secondary pollution.
2. Experimental Design and Development of Regression Model
The full factorial BBD with four factors at three levels, the max-
imum observed and predicted response and the residuals are listed
in Table 3. A total of 29 batch runs based on the BBD-designed
experiments with five replicates at central point was investigated to
evaluate the effects of the independent factors on the response. Based
on the obtained results, the removal efficiencies of the RB5 and
RR120 varied between 55.3-99.4% and 53-94.5%, respectively. The
highest removal efficiencies of RB5 and RR120 were 99.38 and
94.5%, respectively, obtained during the sixth run of the experiment
with the maximum operational conditions of 1.5 g/L adsorbent, 40
min contact time, 50 mg/L initial dye concentration and 35 °C tem-
perature. According to the RSM results, the second-order polyno-
mial equation, as shown below, was obtained for each dye:

Removal (RB5)=+61.50603+(1.48671X,)+(0.25025X,)
+(24.43207X5)— (0.28077X,)+(0.015907X,X,)
+(0.38122X,X,)+(6.51000E-003X,X,)
+(+0.21072X,X,)+(1.61750E-003X,X,) (6)
+(+0.15410X,X,)— (0.040613X3)
—(0.012326X3)— (24.02769X3)— (2.24725E-003X3)

Removal (RR120)=+30.48458+(+1.85750X,)+(1.01444X,)
+(22.80489X,)— (0.11666X,)
+(4.40646E-003X,X,)+(0.10517X,X;)
+(4.85000E-003X,X,)+(0.020967X,X;) ?)
—(8.87500E-004X,X,)+(0.12550X,X,)
—(0.034532X2)— (0.012521X3)

—(13.51381X3)— (2.19744E-003X2)

Egs. (6) and (7) show how the particular factor and the interaction
between the two factors affect the sorption of dyes by PAC-MNPs.
The negative and positive coefficients in the above-mentioned equa-
tions described negatively and positively the effect on the dyes re-
moval. A positive impact of a factor means an improvement in the
response when the factor level increases, while a negative impact
means that the response is not improved with increasing the fac-
tor levels. According to Egs. (6) and (7), the factors X, X, and X,
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Table 3. Experimental design based on Box-Behnken design (BBD) used in this study
Run Independent factors Observed (R%) Predicted (R%) Residual
no X, X, X, X, RB5 RR120 RB5 RR120 RB5 RR120
1 25 20 1 100 79.19 73.54 79.84 74.42 —-0.65 —-0.88
2 45 20 1 100 79.32 75.48 79.72 76.79 -0.4 -131
3 25 60 1 100 81.54 76.6 81.21 76.63 0.33 —-0.028
4 45 60 1 100 94.2 85.4 93.82 82.52 0.38 2.88
5 35 40 0.5 50 92.47 86.73 92.27 88.72 0.2 -1.99
6 35 40 1.5 50 99.38 94.52 98.12 95.29 1.26 -0.77
7 35 40 0.5 150 55.3 53 56.20 52.80 -0.9 0.2
8 35 40 1.5 150 77.62 73.34 77.47 71.92 0.15 142
9 25 40 1 50 96.8 92.68 97.27 92.28 —0.47 0.4
10 45 40 1 50 97.21 93.71 97.01 91.57 0.2 2.14
11 25 40 1 150 62.25 57.87 62.40 57.79 -0.15 0.075
12 45 40 1 150 75.68 68.6 75.16 66.78 0.52 1.82
13 35 20 0.5 100 74.26 71.33 73.16 69.47 1.1 1.86
14 35 60 0.5 100 77.26 74.34 76.68 73.02 0.58 1.32
15 35 40 L5 100 91.5 89.34 93.41 89.10 -191 0.24
16 35 60 L5 100 93.74 89.08 94.46 86.28 -0.72 2.8
17 25 40 0.5 100 74.5 72.05 74.58 71.26 —0.075 0.79
18 45 40 0.5 100 76.11 72.15 77.01 74.34 -0.9 -2.19
19 25 40 1.5 100 85.34 82.7 84.32 83.05 1.02 -0.35
20 45 60 1.5 100 98.8 82.97 98.60 86.30 0.2 -3.33
21 35 20 1 50 93.6 88.6 94.02 87.50 —0.42 1.1
22 35 60 1 50 97.74 92.36 98.52 93.24 -0.78 —0.88
23 35 20 1 150 62.8 58.87 62.43 59.64 0.37 -0.77
24 35 60 1 150 73.41 59.08 73.40 61.83 0.013 -2.75
25 35 40 1 100 92.7 84.28 92.64 86.05 0.061 -1.77
26 35 40 1 100 93.1 85.24 92.64 86.05 0.46 —-0.81
27 35 40 1 100 92.38 85.05 92.64 86.05 —-0.26 -1
28 35 40 1 100 92.4 86.49 92.64 86.05 —0.24 0.44
29 35 40 1 100 93.67 87.42 92.64 86.05 1.03 1.37

have positive effect on the sorption process of both dyes, while fac-
tor X, has a negative effect. Therefore, increasing the temperature,
contact time and also the adsorbent dosage results in an increase
in the adsorption efficiency. The results also indicated that the high-
est coefficient relates to X; (adsorbent dosage) which confirms that
this parameter has the highest effect on the dyes adsorption pro-
cess, compared to the other independent factors.
3. Model Validation

The significance and adequacy of the data of the adsorption pro-
cess were tested by the ANOVA. In this work, the BBD experimen-
tal data were analyzed in two different ways: the sequential model
sum of squares and model summary statistics. In fact, these two
tests were conducted to obtain regression models and decide about
the adequacy of various models (e.g, linear, interactive, quadratic
and cubic) so as to represent the adsorption process effectively.
Results indicated that the quadratic model quite matched with the
experimental data. In other words, it showed higher R’, adjusted-
R’, predicted-R* and also lower p-values for both dyes, in compar-
ison with the other models. The analysis of variance of regression
parameters of the predicted response surface quadratic models for

reactive dyes removal efficiency and the related results are shown
in Supplementary data Table S2.

The values of determination coefficient (R?) indicated that over
98% of the total variability can be explained by the quadratic model,
while only less than 2% of the total variations of both dyes cannot
be described by using this model. Moreover, the adjusted regres-
sion values of >0.99 and >0.96 were obtained for RB5 and RR120
dyes, respectively; ensuring very good correlations between the model
predicted values and the actual experimental ones [20]. The values
of adjusted-R” also confirmed the high significance of the quadratic
model for the adsorption process of the metal ions. Predicted-R’
describes the prediction capability of the model for new responses;
hence, both R? and predicted-R’ should be in a close agreement
with each other. As shown in Table S2, R’, adjusted-R* and pre-
dicted-R” do not differ significantly from each other for both dyes
studied in this work [37]. Note that a p-value<0.05 implies that the
model terms are significant at confidence level of 95% or more,
while the values greater than 0.10 indicate that the model terms
are insignificant. As shown in Table S2, a p-value of smaller than
0.0001 was obtained for both dyes, based on the response surface
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quadratic model. This suggests that the model is significant and
can appropriately explain the relationship between response and
independent variables [12].

The lack of fit (LOF), known as F-test, describes the variation of
the data around the fitted model. As shown in Table S2, the lack of
fit F-values of 0.087 and 0.089 were statistically insignificant for RB
5 and RR120 dyes removal, respectively. An insignificant lack of fit
means that there is a significant model in terms of correlation be-
tween the variables and dyes removal [38]. The “Adequate Preci-
sion” ratio of the model was found to be 59.42 and 26.02 for RB5
and RR120 removal, respectively. Ratios greater than 4 indicate
that there is an adequate signal for the model [12]. The coefficient
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of variance (CV) defines reproducibility of the model and is the
ratio of the standard error of estimate to the mean value of the ob-
served responses. Lower CV values of the models clearly indicated
that the deviations between experimental and predicted values were
low. Relatively low values of CV of the model for RB5 and RR120
dyes removal were 1.17 and 2.87% (<10%), respectively, indicat-
ing the precision and reliability of the experiments [20]. The results
of ANOVA also showed that the adsorbent dosage was the signifi-
cant influential experimental variable on the removal of both dyes.
The other factors, such as temperature, contact time and initial
concentration of dyes, had a comparatively less significant effect
on the response.
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The suitability of developed mathematical models was assessed
by constructing diagnostic plots; in other words, we tested predicted
outcome versus actual and normal probability plot of the studen-
tized residuals. Fig. S1 shows the relationship between observed
and the predicted values for the adsorption process of RB5 and
RR120 dyes on PAC-MNPs. The experimental data are the origi-
nal measure regarding the concentrations of dyes in solution that
were calculated using Eq. (2). On the other hand, the predicted val-
ues were obtained using statistical model according to Egs. (6) and
(7). Fig. S1(a) and (b) depicts a good correlation between the data
obtained by experiments and the predicted values by the model
for both dyes. Normal probability plot is also a suitable graphical
method for assessing the normality of the residuals. Fig. S2 shows
normal probability plot of the studentized residuals for the dye
adsorption process. It can be concluded that the residual behavior
follows a normal distribution and is linear. This assumption is of
high importance for checking statistical modeling. It suggests that
the model sufficiently represents the removal of RB5 and RR120
dyes by adsorption process.

4. Main and Interaction Effects

Three-dimensional (3D) response surface plots were depicted
to evaluate the effects of the four abovementioned parameters on
the removal efficiency of the adsorption process. The interactive
effect of contact time and temperature on the removal efficiency of
a process in which 1 g/L adsorbent dose and 100 mg/L initial dye
concentration were applied as shown in Fig. 3(a). The maximum
removal of RB5 and RR120 was achieved when both the tempera-
ture and the contact time were high. Considering the direct rela-
tionship between removal efficiency and the contact time, the active
sites are initially vacant, and increasing the contact time causes the
sites to be filled with adsorbate and finally saturated on the surfaces
of the adsorbent. Thus, the rapid enhancement of the sorption at
initial time is due to the abundance of vacant sites on the adsor-
bent surface, which enhanced the ability of adsorbing the pollut-
ants. When the adsorbent is saturated with the molecules of the
adsorbate, the removal efficiency starts increasing slowly with time
[39]. Generally, raising the temperature leads to an enhancement in
the uptake of the pollutants through the following ways: i) increas-
ing the mobility of the dye molecules followed by an increase in
the effective interactions between the reacting agents and the ad-
sorbent material, and ii) increasing the pore size of the adsorbent
surface [40]. Similar observations were also reported in previously
conducted studies on organic dyes removal by various types of
magnetic composites [4,41].

Fig. 3(b) shows the response surface plots of the interactive influ-

ence of adsorbent dose and temperature on dyes removal efficiency
when the initial concentration of dyes and contact time were set at
100 mg/L and 60 min, respectively. Under these conditions and
also with increasing the adsorbent dose from 0.5 to 1.5 g/L, RB5 and
RR120 removal efficiency increased significantly from 77.2 and
72.3% to 98.8 and 97.2%, respectively. A maximum removal for
both dyes was observed at temperature of 45 °C and PAC-MNPs
dose of 1.5 g/L. Based on the obtained results, we found that with
increasing the dosage of PAC-MNPs from 0.5 to 1.5 g/L, the removal
efficiency increased. The enhancement in the adsorption can be
attributed to the increase in the adsorption surface, and consequently
the broad access of the dyes molecules to the adsorption sites on
the adsorbent [42,43]. This result is in line with the reports of pre-
vious studies regarding the adsorption of dyes on various adsor-
bents [9,44].

The combined effect of the initial dyes concentration and adsor-
bent dose (Fig. 3(c)) were assessed under the conditions of 60 min
contact time and 45 °C temperature. As shown in Fig. 3(c), more
than 98% and 90% of RB5 and RR120 were removed under the
mentioned conditions, respectively. Based on the results, the maxi-
mum removal percentage of dyes achieved in the present study
was related to high adsorbent dosage (1.5 g/L) with minimum dye
concentration (50 mg/L). As can be seen from Fig. 3(c), the dye
uptake decreased with increasing initial concentration. This could
probably be due to the fixed number of active sites on the adsor-
bent versus an increase in the number of molecules of the dye.
Other researchers [1,45] reported that the adsorption efficiency of
reactive dyes on the adsorbents dropped significantly when the
initial concentration increased.

5. Process Optimization

The main purpose of the optimization is to determine the opti-
mum values of the variables for the removal of reactive dyes by
PAC-MNPs from the obtained model and the experimental data.
A multiple-response method was used to optimize the removal
efficiency of RB5 and RR120, which was a RSM-based strategy. In
this regard, the desirability function approach was employed to
optimize the different combinations of the selected process param-
eters. Design Expert software (Version 8.0) provides five options,
generally called as none, maximum, minimum, target and within
range, which can be applied to choose the desired goal for each
variable and response [12]. The purpose of the optimization pro-
cess is to improve adsorption conditions in a batch process. There-
fore, to achieve optimal conditions for removing both dyes using
PAC-MNPs, temperature and contact time were set within the range;
whereas, the adsorbent dose and initial concentration of dyes were

Table 4. Validation of optimized conditions for RB5 and RR120 dyes adsorption on the PAC-MNPs

Responses Desirability

Variables Optimum Observed Predicted

value

RB5 RR120 RB5 RR120

Temperature (°C) 38.7 89.42 82.62 91.75 87.92 0.671
Contact time (min) 46.3
Adsorbent dose (g/L) 0.80
Initial concentration (mg/L) 102

Korean J. Chem. Eng.(Vol. 33, No. 10)
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set at minimum and maximize levels, respectively. The lower and
upper limit values of all responses were deduced from the experi-
mental data of BBD.

The optimum values of the process parameters for the maximum
removal efficiency are presented in Table 4. According to the results
of BBD, the best local maximum removal for both dyes (91.75%
for RB5 and 87.92% for RR120) were obtained at 38.7 °C, contact
time of 46.3 min, adsorbent dose of 0.8 g/L and initial concentration
of 102 mg/L; besides, the desirability in this case was 0.671. Under
these conditions, the removal efficiencies of RB5 and RR120 dyes
were 89.42 and 82.62%, respectively. As shown in Table 4, the re-
moval efficiencies for all of the response parameter values, which
were either obtained from experiments or estimated from the mod-
els, are in a close agreement, confirming the accuracy and validity
of the model approach. These results confirmed that the RSM is a
powerful tool for optimizing the operational conditions of RB5
and RR120 dyes adsorption onto the PAC-MNPs.

6. Modeling of Adsorption Kinetics, Isotherms, and Thermo-
dynamics

To investigate the mechanism of the adsorption of reactive dyes
on the PAC-MNPs and also to find the best fitted model for the
experimental data, three kinetic models, pseudo-first-order, pseudo-
second-order and intra-particle diffusion models, were considered.
The equations and parameters related to these kinetic models are
presented in Table 5. Regarding the abbreviations and terms shown
in Table 5, q, (mg/g) is the amount of adsorption capacity at a given
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Fig. 4. The effect of contact time on the adsorption capacity of RB5
an RR120 on PAC-MNPs and plots of pseudo-second-order
kinetic model of the adsorption process (insert) (experimen-
tal conditions: Cy=100 mg/L, adsorbent dose=1g/L, pH 4+
0.5 and 25+1 °C).

time t, and k; and k; stand for the rate constant of pseudo-first-order
and pseudo-second-order sorption, respectively. In addition, k; (mg/
g min”°) represents intra-particle diffusion constant and C; (mg/g)
is a constant value depicting the effects of boundary layer. If the

Table 5. Values of kinetic and isotherm parameters for sorption of RB 5 and RR 120 on the PAC-MNPs

Models Linear equations plot Dye Parameters

Kinetic

Pseudo-first-order Ln(q,—q)=Inq,~kit In(q—q,) vs. t Qe.ca (Mg/g) k, (min™") r
RB5 62.44 0.088 0.9315
RR120 73.49 0.1 0.9092

Pseudo-second-order t/q=t/q.+1/k, Q. t/q, vs. t Qe cat (/) k, (g/mg min) r
RB5 103.1 0.002 0.9988
RR120 95.23 0.0018 0.9976

Intra-particle diffusion qtzkit” ’+C q, vs. t*° k; (mg/gminO'S) C; (mg/g) r
RB5 10.46 28.6 0.7981
RR120 10.33 19.85 0.8921

Qe,exp (ME/Q)

RB5 95.72
RR120 85.3

Isotherm

Freundlich Ing,=InK;+n"" InC, Ing,vs.InC, ks (mg/g(Lmg)"") n r
RB5 51.76 2.95 0.8904
RR120 45.16 2.8 0.9333

Langmuir q:=(Co/qo)+(1/k.qp) (C/q.) vs. C, qo (mg/g) k; (L/mg) r
RB5 1754 0.265 0.9987
RR120 17241 0.202 0.9993

Temkin q~=Bln K;+BInC, q. vs. InC, B Kr (L/mg) r
RB5 33.59 3.54 0.9677
RR120 34.26 247 0.9895
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curve (q, vs. t*°) has multi-linearity, it implies that two or more
controlling steps affect the adsorption process [34]. The effect of
contact time on the removal efficiency of dyes by PAC-MNPs was
evaluated under the optimized conditions for a time period of 60
min. As shown in Fig, 4, the rate of dye adsorption onto PAC-MNPs
was initially fast, then decreased gradually until the equilibrium
was reached to a point beyond which no further adsorption could
be observed. The rapid increase of the ad- sorption capacity, in the
initial stages, could be due to the existence of enormous vacant active
sites on the adsorbent surface. Herein, the equilibrium state of
RB5 and RR120 adsorption onto PAC-MNPs was met around
40 min contact time.

The validity of studied models was checked by applying the cor-
relation coefficient (*). The high correlation coefficient of the pseudo-
second-order model, compared with the other models, implies that
the pseudo-second-order is the best fit for the experimental data.
Furthermore, the calculated amount of q,, derived from the pseudo-
first order model, is not coherent with the experimental data. How-
ever, good agreement was obtained when q, was calculated accord-
ing to pseudo-second-order model. The plots of kinetic adsorption
(see Fig. 4 (insert)) also suggest that the experimental data of RB5
and RR120 adsorption onto the PAC-MNPs are in agreement with
pseudo-second order model. This finding indicates that the adsorp-
tion of both dyes is controlled via chemisorption [37,46]. Chemisorp-
tion consists of sharing or exchanging the electrons between the
molecules of dyed and the binding sites of PAC-MNPs, which is
reported by Konicki et al. (year) [41]. As shown in Table 5, the
value of C>0 indicates that intra-particle diffusion is not the only
controlling step for the adsorption of both dyes; but also, the pro-
cess is controlled to some degrees by boundary layer diffusion.

The adsorption isotherm is of great importance in designing a
typical adsorption system. The equations of the equilibrium iso-
therm models were applied to describe the adsorption of RB5 and
RR120 dyes in the range of 50 to 200 mg/L onto the PAC-MNPs
with the adsorbent dosage and temperature of 1 g/L and 25+1°C,
respectively. Langmuir, Freundlich and Temkin models were also
used for modeling the adsorption process of dyes. The equations
and parameters of applied equilibrium models for the adsorption
process are listed in Table 5. In this table, q, (mg/g) is maximum
adsorbent-phase concentration of the adsorbate when the surface
site is saturated with it and k; (L mg ') is Langmuir adsorption
constant. k; (mg/g(Lmg)"") and n are the adsorption capacity and
the adsorption intensity, respectively. K is the binding constant
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Fig. 5. Plots of Langmuir isotherm of RB5 an RR120 dyes adsorp-
tion on PAC-MNPs (experimental conditions: Cy=50-200 mg/
L, adsorbent dose=1 g/L, pH 4+0.5, contact time=40 min and
25+1°C).

representing the maximum binding energy (L/mg) and B (B=RT/b)
is the Temkin constant, which depends on temperature. Addition-
ally, R and b stand for the universal gas constant (8.314 J/mol K)
and the Temkin constant, respectively. The latter constant is related
to the heat of the adsorption and T is the absolute temperature in
Kelvin.

As shown in Table 5, the Langmuir isotherm model provides
better fitting with experimental data regarding the r* value, in com-
parison with the other models. Generally, the adsorption isotherm
models fitted the data in accordance to the following order: Lang-
muir>Freundlich>Temkin. The values of Freundlich adsorption
heterogeneity factor (n) were in the range of 2 to 10, indicating that
RB5 and RR120 dyes were favorably adsorbed by PAC-MNPs [12].
As shown in Fig. 5, there is a significant correspondence between
experimental data and Langmuir isotherm model. This also con-
firms that the adsorption process occurs on a homogeneous sur-
face, so the adsorption of RB5 and RR120 dyes on PAC-MNPs
occurs in a monolayer manner. Similar observations have been
reported in previous studies [47-50].

The maximum adsorption capacities based on the Langmuir
model for RB5 and RR120 dyes were 175.4 and 172.4 mg/g, respec-
tively. Table 6 shows a comparison between the obtained values of
q,, with several other adsorbents reported in the literature. The g,
values of PAC-MNPs for RB5 and RR120 are higher than that of
the majority of other adsorbents, demonstrating that the PAC-

Table 6. Comparison of maximum adsorption capacity of different adsorbents for RB5 and RR120 removal from aqueous media

Maximum adsorption capacity (mg/g)

Adsorbent Reference
RB5 RR120
Modified basic oxygen furnace slag 60 55 [47]
Cotton plant wastes-stalk 35.7 - [51]
Peanut hull 55.5 [45]
Fe,O, nanoparticles - 166.7 [52]
Modified magnetic chitosan microspheres - 144.9 [53]
Chara contraria - 112.8 [54]
PAC-MNPs 1754 1724 This study

Korean J. Chem. Eng.(Vol. 33, No. 10)
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Table 7. The values of thermodynamic parameters for the adsorp-
tion of RB5 and RR120 on the PAC-MNPs at various tem-

peratures
Parameters

T

Dye 0 AG’ AH’ AS°
(0 K
(kJ/mol)  (kJ/mol)  (kJ/mol-K)

25 3.6 —-8.92 22.17 0.125
RB5 35 3.72 -9.52

45 4.04 —10.68

25 327 -8.1 20.67 0.087
RR120 35 3.65 -9.34

45 3.98 —10.52

MNPs can be considered as one of the most effective adsorbents
for RB5 and RR120 adsorption.

The thermodynamic parameters provide a deeper mechanistic
understanding of the adsorption process. In this study, thermody-
namic parameters of reactive dyes adsorption on the PAC-MNPs
were determined at various temperatures ranging from 25 to 45 °C
with 50 mg/L of dyes and 1 g/L of the adsorbent; the results are
shown in Table 7. The thermodynamic parameters of the adsorp-
tion process comprise standard enthalpy (AH’), standard entropy
(AS’) and free energy change (AG’). Van't Hoff equation shown in
Eq. (8) indicates a relationship between the temperature (T) and
equilibrium constant of the adsorption (K=q,/C,). The values of
AH’ and AS’ were obtained from the slope and intercept of the
plot of In q,/C, versus 1/T, respectively.

Q) _AS" AH
ln(c)* R RT ®

where, g, is the amount of adsorbed dye at equilibrium state (mg/
g) and C, is the equilibrium concentration of dye in the solution
(mg/L). The values of AG® can be calculated from the Gibbs free
energy equation, which is shown below:

AG’=-RTInK ©)
In this study, as shown in Table 7, positive values were obtained
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95 1 T ® Adsorption RR120 = Desorption RR120
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Fig. 6. RB5 and RR120 dyes adsorption on the PAC-MNPs adsor-
bent with five adsorption-regeneration cycles.
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for AH’ and AS’. The positive value of AH’ implies that the ad-
sorption process of the reactive dyes was endothermic. In addi-
tion, the obtained positive values of AS’ confirm the affinity of the
PAC-MNPs towards RB5 and RR120 dyes [34]. However, the neg-
ative values o btained for the AG’ demonstrate that the adsorp-
tion of both dyes on PAC-MNPs occurs spontaneously and is
feasible [55,56].

7. Desorption, Reusability and Stability of PAC-MNPs

As shown in Fig. 6, the adsorption percentages of RB5 and
RR120 dyes by PAC-MNPs were not statistically significant. It is
noteworthy that the adsorption percentage started decreasing trend
after five cycles. This confirms that the PAC-MNPs can be recy-
cled and reused for at least five successive cycles without any sig-
nificant loss in the efficiency of the adsorption process. The slight
loss of efficiency could be due to the filling some active sites by
dye molecules causing a reduction in the specific surface area of
the adsorbent, which consequently reduces the adsorption capac-
ity of the adsorbent. It was also found that more than 78.44% and
80.5% of the adsorbed RB5 and RR120, respectively, could be de-
sorbed and recovered from the adsorbent surface in the fifth cycle
and in the presence of NaOH. Generally, these results ensured that
the PAC-MNPs can be applied as a cost-effective and efficient ad-
sorbent for the treatment of textile wastewaters. In fact, the pro-
posed adsorbent in this study shows a good potential of regenera-
tion and reusability; which are both of high importance in industrial
applications.

To evaluate the stability of the PAC-MNPs composite, the con-
centrations of dissolved iron ions in the solution during the five
consecutive cycles were measured. The concentration of dissolved
iron in the reaction solution in all studied cycles was measured
(<0.2mg/L) to be compared with the maximum acceptable con-
centration level in drinking water (0.3 mg/L) set by the WHO [57].
It suggests that the MNPs species were strongly embedded into
mesoporous matrix of the PAC through stable bonding. This also
ensures that iron leaching from PAC-MNPs surface might not result
in metal pollution in water. Therefore, it can be concluded that
PAC-MNPs composite has a good stability and can be used as a
promising adsorbent for removing dyes from the aquatic environ-
ment with negligible loss of magnetic properties, even under acidic
conditions.

8. Wastewater Treatment

The potential application of PAC-MNPs for removing reactive
dyes from wastewater was tested by determining the composite
adsorption efficiency using a dye-industry wastewater sample con-
tained a series of dyes. The concentration of RB5 and RR120 dyes
in wastewater was set in the range of 10-40 mg/L. The pH of sam-
ples was adjusted to 4.0+0.2, and then 1g/L of PAC-MNPs was
added to each solution. After equilibrating for 40 min, the adsor-
bent was separated, and the concentrations of RB5 and RR120
were determined. The percentages of dye removal by the PAC-
MNPs in the DI-water and wastewater containing 10-40 mg/L con-
centrations of RB5 and RR120 are shown in Fig. 7. As can be seen,
PAC-MNPs almost completely removed 10 and 20 mg/L concen-
trations of dyes in both the DI-water and real environments. Gen-
erally, the removal percentages in the wastewater samples were
slightly lower, compared to the DI-water samples. Thus, the pres-
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# Wastewater sample (RR120)
m Dl-water sample (RR120)

# Wastewater sample (RB5)
u Dl-water sample (RB5)

Initial dye con. (mg/L.)

80 82 34 86 88 90 92 94 96 98 100
Removal (%)

Fig. 7. Removal percentage of RB5 and RR120 dyes by PAC-MNPs
in DI-water and wastewater samples (experimental condi-
tions: C,=10-40 mg/L, adsorbent dose=1 g/L, pH 4+0.5, con-
tact time=60 min and 25+1 °C).

ence of solid and interfering ions can lead to a slight reduction in
the adsorption efficiency. Based on the obtained results, it can be
implied that the PAC-MNPs have a good anti-interference poten-
tial for the removal of reactive dyes in dye-industry wastewaters.
Hence, it can be postulated that the removal of RB5 and RR120
dyes from industrial wastewaters using the PAC-MNPs as a mag-
netic adsorbent can be a cost-effective and useful process.

CONCLUSION

PAC was modified with magnetite nanoparticles to prepare an
adsorbent (PAC-MNPs) for reactive dyes (RB5 and RR120) adsorp-
tion from aqueous solution in a batch system. Based on the obtained
results, an increase in the temperature, contact time and the adsor-
bent dosage and a decrease in the initial dye concentration resulted
in the improvement of the adsorption efficiency. The studies of the
adsorption isotherm and kinetic models showed that the adsorp-
tion of both dyes onto PAC-MNPs can be modeled using Langmuir
isotherm and pseudo-second order kinetic models. In addition, the
findings showed high adsorption capacity, easy and simple separa-
tion and good regeneration and reusability for PAC-MNPs, which
make it an optimal and efficient adsorbent in removing dye from
the aquatic environments. According to our findings, it can be im-
plied that the magnetization of adsorbents and the use of magnetic
separation techniques are the effective approaches in resolving prob-
lems associated with centrifuge and filtration.
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Table S1. The structure and some of the important physicochemical properties of RB5 and RR120 dyes

. Dye
Characteristic
RB5 RR120
Chemical formula CysH,;NsNa,0,,5¢ CyuH,,CLN,;,Na,0,,S¢
Commercial name Reactive Black 5 Reactive Red 120
Abbreviation RB5 RR120
Class Di-azo Di-azo
C.I. number 20,505 292775
Molecular weight (g/mol) 991.82 1469.98
A (NM) 597 515
Molecular structure Nao‘s’*o
o™
S Vg TP
HO
o HoN
A _ .0
0sg° IEON " o ona
%0




Table S2. Analysis of variance (ANOVA) for response surface quadratic model for RB5 and RR120 dyes removal by the AC-Fe;O,

Source Sum of squares df Mean square F-value p-Value Prob>F
RB5 dye removal (%)

Model 4083.23 14 291.66 296.27 <0.0001°
X,- Temperature 139.61 1 139.61 141.82 <0.0001°
X,- Contact time 51.93 1 51.93 52.75 <0.0001°
X;- Adsorbent dose 231.76 1 231.76 235.43 <0.0001°
X,- Initial concentration 473.32 1 473.32 480.81 <0.0001°
XX, 44.35 1 44.35 45.05 <0.0001°
XX, 12.30 1 12.30 12.49 0.0033°
XX, 42.38 1 42.38 43.05 <0.0001°
XX, 11.77 1 11.77 11.96 0.0038°
XX, 10.47 1 10.47 10.63 0.0057°
XX, 59.37 1 59.37 60.31 <0.0001°
X 108.84 1 108.84 110.57 <0.0001°
X3 144.71 1 144.71 147.00 <0.0001°
X3 208.97 1 208.97 212.28 <0.0001°
X3 202.90 1 202.90 206.11 <0.0001°
Residual 13.78 14 0.98

Lack of fit 12.60 10 1.26 4.27 0.0873"™
Pure error 1.18 4 0.30

Cor total 4097.01 28

R’=0.9966, adjusted-R’=0.9933, predicted-R*=0.9844, Adeq precision=59.42, C. V.%=1.17

RR120 dye removal (%)

Model 3700.29 14 264.31 51.27 <0.0001°
X, 30.53 1 30.53 592 0.0289°
X, 93.29 1 93.29 18.10 0.0008°
X, 129.13 1 129.13 25.05 0.0002°
X, 740.18 1 740.18 143.57 <0.0001°
XX, 3.40 1 340 0.66 0.4301™
XX, 0.94 1 0.94 0.18 0.6765™
XX, 23.52 1 23.52 4.56 0.0508"™
XX, 0.12 1 0.12 0.023 0.8826™
XX, 3.15 1 3.15 0.61 0.4474™
XX, 39.38 1 39.38 7.64 0.0152°
X2 78.69 1 78.69 15.26 0.0016°
X2 149.32 1 149.32 28.96 <0.0001°
X3 66.10 1 66.10 12.82 0.0030°
X3 194.01 1 194.01 37.63 <0.0001°
Residual 72.18 14 5.16

Lack of fit 65.94 10 6.59 423 0.0885"™
Pure error 6.23 4 1.56

Cor total 3772.46 28

R*=0.9809, adjusted-R*=0.9617, predicted-R’=0.8909, Adeq precision=26.02, C. V.%=2.87
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