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ABSTRACT

In this work, factorial design analysis based on central composite design of experiments
was employed to study the effect of process parameters for biosorption of Reactive
Red-84 dye onto bioethanol fermentation spent waste biomass of Saccharomyces cerevisiae.
Factorial experiments with five factors: mixing rate rpm, incubation period h, process
temperature ˚C, initial dye concentration mg/L and biosorbent dosage wt% (w/v) at three
levels were conducted. A highly statistically significant quadratic model at 95% confidence
level (p < 0.0001, R2 0.9120 and R2

adj 0.8519) was developed to charcterize the influence of
the different considered variables on biosorption efficiency. Response surface methodology
was employed to optimize the process, recording maximum biosorption % of ≈62%
(51.67 mg/g) at 90 rpm, 13 h, 15˚C, 100 mg/L and 0.6%, respectively. Approximately 95%
of adsorbed dye was desorbed by elution with NaOH solution of pH 9 and the regener-
ated biosorbent was employed for four successive cycles. TiO2 nanoparticles 6–15 nm
were prepared and used for photo-catalytic degradation of desorbed dye solution. The
proposed integrating biosorption and photo-catalytic degradation process results in no
secondary pollution in the form of any concentrated wastes, which is an important
environmental aspect.

Keywords: Biosorption; Response surface methodology; Photo-catalytic degradation; Reactive
Red-84; TiO2 nanoparticles

1. Introduction

Wastewater contaminated with dyestuffs in indus-
trial effluents is one of the major challenges faced by
environmental sector. Reactive group of azo dyes is

mostly used in dyeing, due to their superior fastness to
the applied fabric, high photolytic stability and recalci-
trant to microbial degradation. Many synthetic azo dyes
and their metabolites are toxic, carcinogenic and
mutagenic, leading to potential health hazard [1]. In
general, the treatment of dye-containing effluents is
being undertaken by biological, adsorption, membrane,*Corresponding author.
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coagulation–flocculation, oxidation–ozonation and
advanced oxidation processes (AOPs) [2]. AOPs have
been developed to degrade the non-biodegradable con-
taminants of drinking water and industrial effluents
into harmless species (e.g. CO2, H2O, etc.). In recent
years, AOPs using titanium dioxide (TiO2) have been
effectively used to detoxify recalcitrant pollutants pres-
ent in industrial wastewater [3–6]. TiO2 has singular
characteristics that made it an extremely attractive
photo-catalyst: high photo-chemical reactivity, high
photo-catalytic activity, low cost, stability in aquatic
systems and low environmental toxicity [7]. A wide
variety of biomass including algae, bacteria, fungi and
yeast are capable for removing broad range of dyes
from aqueous effluents, owing to their special surface
properties, high selectivity, efficiency, cost effective-
ness, abundant availability and environmental accept-
ability [8–10]. However, how to deal with dye-loaded
biosorbents is still a problem to be solved. In order to
overcome this problem and lower the cost of biosorp-
tion process, the biosorbent regeneration step should be
done. Efficient regeneration can be done by alkali or
acid solution as eluent [11,12]. But these regeneration
methods leave concentrated solutions of dyes, which
bring a secondary pollution to the environment that
should be eliminated.

In this study, Reactive Red-84 (RR-84) azo dye was
selected as pollutant due to its recalcitrant stability.
The selected biosorbent is bioethanol fermentation
spent waste biomass of Saccharomyces cerevisiae, in an
aspect of reuse of one of the waste by-products in bio-
ethanol production process, to treat industrial waste-
water effluent, in a cost effective process. Factorial
design of experiments and response surface methodol-
ogy (RSM) were employed to optimize the biosorption
process as they are faster for gathering experimental
research results than the rather conventional, time
consuming one-factor-at-a-time approach. TiO2 nano-
particles were prepared and their photo-catalytic deg-
radation capability on the recalcitrant RR-84 azo dye
obtained from the regeneration of biosorbent was
investigated in order to overcome the problem of
concentrated wastes.

2. Materials and methods

2.1. Biosorbent

Bioethanol fermentation spent waste biomass,
S. cerevisiae, obtained from Petroleum Biotechnology
Lab, Egyptian Petroleum Research Institute was used
in this study.

The biomass was washed three times with distilled
water, dried overnight at 60˚C, then grinded in a

mortar, sieved to constant size (0.07–0.08 mm) and
stored for further use.

2.2. Adsorbate

The dye used in this study was C.I. Reactive Red-
84 (Reactive Red PW-6G or Lanasol Red-6G), a single
azo-class dye, and was purchased from Ciba Specialty
Chemicals Inc. It is used for wool fibre, tops, scattered
wool dyeing, also can be used for wool, silk fabric
printing [C.I. number: 13429, molecular formula:
C26H19BrN4Na2O9S3, molecular weight: 753.53, IUPAC
name: disodium 6-amino-5-[4-[(2-bromo-1-oxoallyl)
amino]-2-[(4-methyl-3-sulphonatophenyl) sulphonyl]
phenyl] azo]naphthalene-2-sulphonate. The structure
of Reactive Red-84 (RR-84) is illustrated in Fig. 1.

A stock solution of RR-84 with a concentration of
200 mg/L was prepared in distilled water, which was
further diluted according to the experimental condi-
tions.

2.3. Analysis of dye

The λmax 485 nm of RR-84 was determined on a
double-beam JASCO UV/Vis/NIR spectrophotometer
model V-570 (JASCO Analytical instruments, 8649
Commerce Drive, Easton, Maryland 21601-9903, USA).
Standard curve for different concentrations of the dye
solution (200–2.5 mg/L) was established.

2.4. Batch biosorption experiments

Each batch adsorption experiment was conducted
by contacting 50 mL (pH 7) of different initial
concentrations of RR-84 (adsorbate) with known dose

Fig. 1. Chemical structure of Reactive Red-84.
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of dried biomass as an adsorbent in 250 mL Erlen-
meyer flasks closed with PARAFILM “M” to prevent
evaporative loss and placed in a rotary shaking incu-
bator set at different speeds and temperatures accord-
ing to the experimental conditions. Adsorbent was
separated from the solution at predetermined time
intervals by centrifugation at 2,000 rpm for 15 min,
and then collected for the regeneration experiments.
The absorbance of the supernatant solution at 485 nm
was measured to determine the residual dye concen-
tration and to calculate the percentage of dye removal.
Negative controls (with no biosorbent) were carried
out to ensure that any sorption effect of dye onto the
wall of the conical flasks is ruled out. The dye concen-
tration of the control was used as the initial concentra-
tion (C0 mg/L) for calculations of dye removal using
the following equation:

Dye removal ¼ C0 � Ct

C0

� �
� 100 (1)

where Ct mg/L is the residual dye concentration at
different time intervals (t, h). All experiments were
conducted in triplicates and listed data are the average
of the obtained results.

2.5. Factorial design of experiments

RSM was used to optimize and investigate the
influence of different process variables of the batch
biosorption process. The central composite design
(CCD) was applied. The experimental runs were car-
ried out according to a 25 full factorial design for five
independent variables: mixing rate (A, rpm), incuba-
tion period (B, h), process temperature (C, ˚C), initial
dye concentration (D, mg/L) and biosorbent dosage
(E, % w/v), with low (−1) and high (+1) levels. The
total number of experiments is given by the following
formula: [50 = 2k + 2(k) + 8], where k is the number of
independent variables (k = 5), this includes 32 factorial
point from 42 full factorial CCD augmented with eight
replicates at the centre point to assess the pure error.
The response selected was the percentage dye
removal. The levels were selected, based on prelimin-
ary study results. The design factors with low (−1),
high (+1) and centre (0) levels for the experimental
design are listed in Table 1.

2.6. Statistical analysis

Once the experiments were preformed, the next
step was to perform a response surface experiment to

produce a prediction model to determine curvature,
detect interactions among the design factors (indepen-
dent variables) and optimize the process, that is,
determine the local optimum independent variables
with high biosorption percentage. The model used in
this study to estimate the response surface is the
quadratic polynomial represented by the following
equation:

Y ¼ bo þ
Xn
i¼1

bixi þ
Xn�1

i¼1

Xn
j¼iþ1

bijxixj þ
Xn
i¼1

biix
2
i (2)

where Y is the dye percentage removal, n is the num-
ber of factors, βo is the intercept term, βi, βij and βii are
the linear, interactive and quadratic coefficients,
respectively. xi’s are the levels of the independent
variables (factors) under study.

The statistical software Design-Expert 6.0.7 (Stat-
Ease Inc., Minneapolis, USA) was used for design of
experiments, regression and graphical analyses of the
data obtained, and statistical analysis of the model to
evaluate the analysis of variance (ANOVA).

2.7. Preparation of TiO2 nanoparticles

TiO2 nanoparticles were prepared according to
Jiang et al. [13], by sol–gel method from TiCl4 with
ammonia solution as precipitating agent and ethanol
as dispersing agent; 25 mL TiCl4 were dissolved in
20 mL distilled water in an ice-water bath. The tita-
nium solution was then slowly mixed with 30 mL dis-
tilled water and 20 mL ethanol, and ammonia was
added drop wise until pH 9. During the ammonic
addition, an intensive precipitation occurred. After the
solvent was evaporated at 80˚C for 24 h, the precipi-
tates were dried at 300˚C for 2 h to remove excess
NH4Cl and then calcined at 600˚C in an air stream.

The prepared TiO2 nanoparticles were character-
ized by transmission electron microscopy (TEM, Jeol

Table 1
Experimental range and levels of independent process
variables for RR-84 removal

Range and levels

Independent variables −1 0 +1

Mixing rate (A, rpm) 50 0 100
Incubation period (B, h) 4 12 20
Process temperature (C, ˚C) 15 25 30
Initial dye concentration (D, mg/L) 100 150 200
Biosorbent dosage (E, % w/v) 0.2 0.4 0.6
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Jem 2100F, 80–200 kV, Japan) and high-resolution
X-ray diffractometer (XRD; PANalytical XPERT PRO
MPD, Netherland) coupled with Cu kα radiation
source (λ = 1.5418 Å) operated at 40 kV and 40 mA.
The diffraction patterns were recorded at room tem-
perature in the angular range of 4–70˚ (2θ) with step
size 0.02˚ (2θ) and scan step time 0.5 (s). The crystal-
line phases were identified using Joint Committee on
Powder Diffraction Standards (JCPDS). The crystallite
size, DXRD, was calculated according to Scherer’s equa-
tion [14]. Specific surface area was determined by BET
method.

2.8. Biosorbent regeneration

The separated biomass with adsorbed dye was re-
suspended in 20 mL distilled water and the pH was
adjusted to 9 with 10% NaOH solution. After stirring
at room temperature for 20 min, most of the adsorbed
dye was desorbed. The biomass was then separated
from the solution by centrifugation at 2,000 rpm for
15 min. The supernatant containing the desorbed dye
was then neutralized by 1 M HCl and was used in the
next photo-degradation experiment. The separated
biomass was washed with 1 M HCl and then distilled
water until the pH of decanted water become 7. The
regenerated biomass was then used in the next
adsorption experiment.

2.9. Photo-degradation of RR-84

The photo-catalytic reaction was carried out in a
cylindrical Pyrex reactor, containing 20 mL of the dye
solution with 1 g/L TiO2 on a magnetic stirrer set at
500 rpm to maintain the photo-catalyst in suspension.
The suspension was irradiated with UV 254 nm (8 W)
lamp. All experiments were performed at 25 ± 1˚C.
Samples were collected at prescribed time intervals to
determine photo-degradation rate of the dye by mea-
suring the absorbance at λmax 485 nm.

3. Results and discussion

3.1. Elucidation and validation of regression model

The objectives of the data analysis were to fit a
regression model equation, specify regression coeffi-
cients and recognize the significant model terms, and
finally determine the factors optimum levels which
would lead to a maximum response, i.e. maximum
percentage of dye removal. Using the obtained experi-
mental results, a second-order polynomial regression
model equation relating the dye removal efficiency

and process parameters was developed and repre-
sented as follows:

Y ¼ 41:58þ 2:52Aþ 3:23B� 1:43C� 1:44Dþ 9:04E

� 1:58A2 þ 0:86B2 þ 0:54C2 þ 1:91D2 � 0:84E2

� 1:4ABþ 0:68ACþ 0:11ADþ 0:59AE� 0:73BC
þ 1:16BD� 1:84BEþ 1:52CDþ 0:072CE� 0:91DE

(3)

where positive sign in front of the terms indicate syn-
ergetic effect, whereas negative sign indicates antago-
nistic effect.

Table 2 illustrates the statistical combinations of
variables with the experimental and predicted
response values.

It was observed that the percentage dye removal
increased with increase of adsorbent dosage. This may
be due to the increase in the available active surface
sites of the adsorbent, i.e. increase in active surface
area. But the biosorption percent decreased with
increase in the initial dye concentration due to the sat-
uration of sorption sites on biosorbent. The increase in
mixing rate increased to some extent the dye uptake,
indicating more effective contact between biomass and
dye solution at higher mixing rate (100 rpm). The
adsorption of RR-84 on spent waste biomass of
S. cerevisiae decreased by increasing the temperature of
the solution from 15 to 35˚C, therefore, this system is
exothermic, in which there is only physical adsorption
[15,16]. Ong et al. [17] reported that a boundary layer
is surrounding the biomass and a decrease in its effect
is observed with increasing the mixing rate.

The validity of the fitted model was evaluated and
its statistical significance was controlled by F-test. The
ANOVA for the response surface full quadratic model
is given in Table 3. It can be indicated that the model
is highly statistically significant at 95% confidence
level, with F-value of 15.02 and very low probability
p-value of <0.0001, i.e. there is less than 0.01% chance
that this error is caused by noise. The values of the
determination coefficients, R2 and R2

adj which measure
the model fitting reliability for model (Eq. (3)), were
calculated to be 0.9120 and 0.8519, respectively. This
suggests that approximately 91.2% of the variance is
attributed to the variables and indicated a high signifi-
cance of the model. Thus, only 8.8% of the total varia-
tions cannot be explained by the model which ensures
the good adjustment of the above model to experi-
mental data. Confirmation of the adequacy of the
regression model was reflected also by the good agree-
ment between experimental and predicted values of
response variables as shown in Table 2. Where, the
actual experimental biosorption percentage ranged
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Table 2
Full factorial CCD matrix for RR-84 removal

Run
number

A mixing
rate, rpm

B time, h C temperature, ˚C D initial dye
concentration, mg/L

E biosorbent
dosage % (w/v)

Dye removal %

Experimental Predicted

1 −1 −1 +1 −1 +1 43.15 46.77
2 −1 −1 +1 +1 −1 21.59 22.94
3 −1 0 0 0 0 38.56 37.48
4 0 0 0 0 0 41.00 41.58
5 +1 +1 0 +1 +1 56.27 53.79
6 0 +1 0 0 0 45.80 45.66
7 0 0 0 0 0 41.00 41.58
8 −1 −1 −1 −1 +1 50.60 52.41
9 −1 −1 +1 +1 +1 43.00 42.55
10 −1 −1 −1 +1 −1 26.48 22.80
11 −1 +1 −1 −1 −1 40.11 41.52
12 +1 +1 −1 −1 +1 62.74 58.99
13 +1 +1 +1 +1 −1 46.56 39.36
14 −1 −1 +1 −1 −1 24.33 23.51
15 0 0 0 0 +1 48.90 50.14
16 +1 +1 −1 +1 −1 37.54 39.43
17 +1 −1 +1 −1 +1 59.96 56.94
18 +1 0 0 0 0 43.37 42.52
19 +1 −1 −1 +1 +1 46.41 50.03
20 0 0 0 0 −1 34.50 31.33
21 +1 +1 +1 −1 −1 36.43 34.84
22 −1 +1 −1 −1 +1 53.05 57.15
23 0 0 +1 0 0 40.98 40.69
24 +1 −1 −1 −1 +1 62.31 59.86
25 0 0 0 −1 0 46.90 44.93
26 +1 −1 +1 +1 +1 57.78 53.17
27 +1 −1 +1 −1 −1 28.12 31.30
28 0 0 0 0 0 41.00 41.58
29 +1 +1 +1 −1 +1 46.93 53.13
30 +1 −1 +1 +1 −1 29.88 31.19
31 −1 +1 +1 +1 +1 50.88 48.98
32 −1 −1 −1 −1 −1 31.60 29.44
33 0 0 0 0 0 41.00 41.58
34 0 0 0 +1 0 42.00 42.05
35 −1 +1 +1 +1 −1 31.40 36.72
36 0 0 0 0 0 37.92 41.58
37 0 −1 0 0 0 41.00 39.21
38 +1 +1 −1 −1 −1 39.85 40.98
39 −1 −1 −1 +1 +1 40.84 42.12
40 0 0 0 0 0 41.00 41.58
41 −1 +1 +1 −1 +1 55.18 48.57
42 0 0 0 0 0 41.00 41.58
43 −1 +1 −1 +1 +1 53.90 51.49
44 −1 +1 −1 +1 −1 39.00 39.52
45 +1 −1 −1 −1 −1 33.28 34.51
46 0 0 0 0 0 41.00 41.58
47 −1 +1 +1 −1 −1 32.95 32.65
48 +1 +1 +1 +1 +1 48.18 54.00
49 +1 −1 −1 +1 −1 26.76 28.33
50 0 0 −1 0 0 45.18 43.55
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from 21.59 to 62.53% and its corresponding predicted
values are 22.94 and 59.43%, respectively. “Adeq Pre-
cision” measures the signal to noise ratio. A ratio >4 is
desirable. The ratio of 14.483 indicated an adequate
signal. This model is reliable and can be used to navi-
gate the design space.

The relationship between predicted and experi-
mental values of biosorption efficiency (% dye
removal) is shown in Fig. 2(a). It can be seen that
there is a high correlation (R2 = 0.9091) between the
predicted and experimental values indicating that the
predicted and experimental values were in reasonable
agreement. It means that the data fit well with the
model and give a convincingly good estimate of
response for the system in the experimental range
studied.

Fig. 2(b) shows the normal probability plots of the
standardized residuals for biosorption efficiency. A
normal probability plot indicates if the residuals fol-
low a normal distribution, in which case the points
will follow a straight line. Since some scattering is
expected even with the normal data, as shown in
Fig. 2(b), it can be assumed that the data are normally
distributed. Thus, it indicates a good validity for the
approximation of the quadratic regression model.

Fig. 2(c) shows standardized residual vs. predicted
values for percentage dye removal. In this research,
points of observed runs were scattered randomly
within the constant range of residuals across the
graph. Thus, it revealed no obvious pattern and unu-
sual structure, i.e. the model is adequate and there is
no reason to suspect any violation of the indepen-
dence or constant variance assumption in all runs. The
standardized residuals vs. run plot represented in
Fig. 2(d) shows randomly scattered points ranged
between ±2.5; the errors were normally distributed
and insignificant.

ANOVA was also applied to establish the statisti-
cal significance of the model parameters at 95% confi-
dence level. The significance of each coefficient was
determined by F-values and p-values (Table 3). The
larger the magnitude of the F-value and the smaller
the p-values, the more significant is the corresponding
coefficient. This implies that the variables with the
largest effect (i.e. highly significant) were: the linear
effect of mixing rate, incubation period and biomass
dosage followed by process temperature and initial
dye concentration (i.e. significant). The interactive
effect of incubation period and biomass dosage has
higher significant effect than the interactive effect of

Table 3
ANOVA of the fitted quadratic regression model Eq. (3)

Source SS* df* MS* F-value p-value Remarks

Model 4,097.15 20 204.86 15.02 <0.0001 Highly significant
A 216.27 1 216.27 15.86 0.0004 Highly significant
B 353.81 1 353.81 25.94 <0.0001 Highly Significant
C 69.53 1 69.53 5.10 0.0317 Significant
D 70.68 1 70.68 5.18 0.0304 Significant
E 3,006.12 1 3,006.12 220.41 <0.0001 Highly Significant
A2 6.14 1 6.14 0.45 0.5075 Non significant
B2 1.83 1 1.83 0.13 0.7171 Non significant
C2 0.72 1 0.72 0.053 0.8200 Non significant
D2 9.01 1 9.01 0.66 0.4229 Non significant
E2 1.75 1 1.75 0.13 0.7229 Non significant
AB 62.94 1 62.94 4.62 0.0402 Significant
AC 14.82 1 14.82 1.09 0.3058 Non significant
AD 0.41 1 0.41 0.030 0.8629 Non significant
AE 11.31 1 11.31 0.83 0.3701 Non significant
BC 17.23 1 17.23 1.26 0.2703 Non significant
BD 43.01 1 43.01 3.15 0.0863 Possibly significant
BE 107.75 1 107.75 7.90 0.0088 Significant
CD 73.69 1 73.69 5.40 0.0273 Significant
CE 0.17 1 0.17 0.012 0.9131 Non significant
DE 26.64 1 26.64 1.95 0.1728 Non significant
Residual 395.53 29 13.64
Corrected total 4,492.68 49

*SS: sum of squares, df: degree of freedom, MS: mean square.
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process temperature and initial dye concentration,
mixing rate and incubation period, while incubation
period and initial dye concentration have a lower
interactive effect.

The perturbation plot Fig. 3 shows the comparative
effects of all independent variables on percentage dye
removal (biosorption efficiency). The curvatures show
the positive synergetic effect of independent variables
can be ranked in the following decreasing order bio-
mass dosage > incubation period > mixing rate. But
the antagonistic effects of process temperature and ini-
tial dye concentration on biosorption process are
nearly the same.

3.2. Response surface optimization of the biosorption
process

Three-dimensional response surface graphical dia-
grams of the regression Eq. (3) were plotted to under-
stand the interactive relationship between the
independent variables and percentage dye removal

(i.e. biosorption %) and to determine the optimum
conditions for maximum dye removal.
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Fig. 4(a) represents the effect of mixing rate rpm
and incubation period h on biosorption process at con-
stant process temperature, initial dye concentration
and biomass dosage of 15˚C, 100 mg/L and 0.6%,
respectively. The biosorption percentage increased
with increase of incubation period and mixing rate,
recording approximately 60% dye removal within
incubation period of 13–20 h and mixing rate of
30–100 rpm. Fig. 4(b) represents the effect of mixing
rate rpm and process temperature ˚C on dye removal
at constant incubation period, initial dye concentration
and biomass dosage of 20 h, 100 mg/L and 0.6%,
respectively. It is obvious from Fig. 4(b) that biosorp-
tion percentage decreased with increase in tempera-
ture but increased with increase in mixing rate,
recording maximum dye removal of ≈60% at 15˚C and
100 rpm. Fig. 4(c) represents the interactive effect of
mixing rate rpm and initial dye concentration mg/L
on dye removal at constant incubation period, process
temperature and biomass dosage of 20 h, 15˚C and
0.6%, respectively. The biosorption percentage

decreased with increase in dye concentration but
increased with increase in mixing rate, recording max-
imum dye removal of ≈60% at 100 mg/L and
100 rpm. Fig. 4(d) represents the interactive effect of
mixing rate rpm and biomass dosage (wt%, w/v) on
biosorption percentage at constant incubation period,
process temperature and initial dye concentration of
20 h, 15˚C and 100 mg/L, respectively. The biosorp-
tion percentage increased with increase of both mixing
rate and biomass dosage, recording maximum dye
removal of ≈60% at 100 rpm and 0.6%.

3.3. Optimization of biosorption process

The optimization process was carried out to deter-
mine the optimum value of maximum percentage of
dye removal (biosorption %), using the Design-Expert
6.0.7 software. According to the software optimization
step, the desired goal for each operational condition
(A mixing rate, B incubation period, C process tempera-
ture, D initial dye concentration and E biomass dosage)
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was chosen “within” the studied range. The response
(biosorption percentage) was defined as maximum to
achieve the highest performance. The program com-
bines the individual desirability into a single number,
and then searches to optimize this function based on
the response goal. Accordingly, the optimum working
conditions and respective biosorption percentage were
established. The optimum working conditions with
respective predicted biosorption percentage are
presented in Table 4. This was in agreement with RSM
optimization: 30–100 rpm, 13–20 h, 15˚C, 100 mg/L and
0.6%, respectively.

3.4. Characterization of prepared TiO2

It is known that there are three polymorphs of tita-
nia: anatase, rutile and brookite. Among the three,
anatase TiO2 has the highest photocatalytic activity.
The XRD pattern of the prepared TiO2 particles
(Fig. 5) shows two TiO2 phases; anatase and rutile
were formed and that all the peaks are in good agree-
ment with the standard spectrum (JCPDS No. 01-075-
2246, 00-034-0180 for anatase and rutile, respectively).
The average crystallite sizes (DXRD) of TiO2 nanoparti-
cles, calculated from XRD pattern were found to be
16.6 and 17.3 nm for anatase and rutile, respectively.
The anatase to rutile phase ratio was 95:5 and the SBET
was 54 m2/g. It is obvious from TEM image Fig. 6 that
TiO2 existed as nanoparticles of average sizes, 6–
15 nm, which is approximately in agreement with that
of XRD measurements.

3.5. Regeneration and reuse of biosorbent

After the performance of biosorption batch process at
selected optimum conditions, 100 mg/L initial dye con-
centration, 0.6 wt% biomass dosage, 90 rpm mixing rate,
13 h incubation period and 15˚C process temperature,
maximum biosorption percentage of 62% with biosorp-
tion capacity of 51.67 mg/g was achieved. Regeneration
of adsorbent would make the biosorption process eco-
nomical. The percentage of desorption increased with
increase of pH of aqueous solution, reaching its maxi-
mum value (>95%) at pH 9. The functional groups on

the surface of spent waste biomass of S. cerevisiae are
carboxyl, hydroxyl and amide. The surface of yeast
would become negatively charged at high solution pH,
thus increasing the electrostatic repulsive force between
the reactive dye and the biomass. The biosorbent was
easily separated by centrifugation, washed and reused in
the next cycle of adsorption experiment.

When applying the regenerated biomass for
removal of the remaining dye from the first batch,
approximately complete dye removal occurred of
≈97% with biosorption capacity of 30.83 mg/g.

Upon applying, the regenerated biomass for new
four successive adsorption–desorption cycles of new
batches with initial dye concentration of 100 mg/L,
biosorption percentage recorded, 62, 61.5, 50 and 36%
with biosorption capacity of 51.62, 51.25, 41.67 and
30 mg/g, respectively.

3.6. Photo-degradation of desorbed RR-84 with TiO2

nanoparticles

The pseudo-first-order kinetic equation (Eq. (4))
was applied to determine the photo-degradation rate
of the collected desorbed dye solution in a UV/TiO2

process. Two batch processes were done with initial
dye concentrations of 95 and 135 mg/L; the obtained
concentrated output solutions of one cycle and four
successive cycles of the previous biosorption–desorp-
tion batches. The dye was gradually degraded, record-
ing ≈96.85 and 86.67% after 120 min, respectively.

ln
C0

Ct

� �
¼ Kobst (4)

where C0 and Ct denote the RR-84 concentrations at
t = 0 and t = t, respectively, where Kobs is the appar-
ent pseudo-first-order rate constant and the variation
of the dye concentration influences directly to this
constant.

The Kobs values were obtained from the slope in
the linear regression analysis of the concentration
curves, where it decreased with the increase of initial
dye concentration, recording 0.0745 min−1 (R2 0.9516)
and 0.0323 min−1 (R2 0.9558), respectively.

Table 4
Optimum conditions solutions for RR-84 biosorption by spent waste biomass of S. cerevisiae

Factors

Desirability

Biosorption %

Number of trials A, rpm B, h C, ˚C D, mg/L E, wt% Predicted Experimental

1 30.51 20.00 15.00 100.00 0.59 0.904 58.8 62
2 90.67 13.33 15.00 100.05 0.60 0.901 58.7 62
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When a semiconductor such as TiO2 absorbs a
photon with energy equal to or greater than its band
gap width (3.2 eV), an electron may be promoted from
the valence band to the conduction band (e−cb) leaving
behind an electron vacancy in the valence band (h+vb)
[18]. The holes at the TiO2 valence band, having an
oxidation potential of +2.6 V, can oxidize water or
hydroxide to produce hydroxyl radicals. The hydroxyl
radical is a powerful oxidizing agent and enables a
non-specific attack on organic compounds; under
favorable conditions the final photoproducts are H2O
and CO2 and inorganic anions. The general possible
detailed mechanism of dye degradation upon irradia-
tion is described by Eqs. (5)–(10) [4,18]:

dyeþ hv ! dye� (5)

dye� þ TiO2 ! dye�þ þ TiO2ðeÞ (6)

TiO2ðeÞ þO2 ! TiO2 þO��
2 (7)

O��
2 þ TiO2ðeÞ þ 2Hþ ! H2O2 (8)

H2O2 þ TiO2ðeÞ ! OH� þOH� (9)

dye�þ þO2ðorO��
2 orOH�Þ

! preoxylated or hydroxylated intermediates

! degraded ormineralizedproducts

(10)

The reason for the decrease of photo-degradation effi-
ciency with increase of initial dye concentration might
be presumed that in high dye concentrations, the pro-
duction of hydroxyl radicals on the surface of catalyst
was reduced since the active sites were occupied by
dye molecules. Another possible reason for these
results is the effect of UV screening of the own dye. In
high dye concentrations a major amount of UV is apt
to be absorbed by dye molecules proportional to OH
particles and this reduces the efficiency of the catalytic
reaction due to the decline in the active O��

2 andOH�

concentrations [19]. Moreover, the reduction of the
light path length as the concentration and deepness of
the colour of the solution rises cannot be also
neglected. Another possible reason is the intervention
of the by-products formed during the degradation
process [20].

4. Conclusion

This study proved that factorial design analysis
based on central composite deign CCD of experiments
and RSM are reliable and powerful tools for modelling,
optimizing and studying the interactive effects of five
important parameters (mixing rate, incubation period,
process temperature, initial dye concentration and bio-
sorbent dosage) in a batch biosorption process for Reac-
tive Red-88 dye removal using spent waste biomass of
S. cerevisiae, with maximum adsorption capacity of
51.67 mg/g and percentage dye removal of ≈62%.

The experiments showed that integration of the
biosorption with photo-catalytic oxidation using TiO2

nanoparticles would be beneficial for practical applica-
tions. First, the contaminants were removed effectively
from aqueous effluents by readily available, low cost
biosorbent, then the dye was desorbed by simple opti-
mization of pH and finally, the desorbed dye was
photo-degraded by TiO2 nanoparticles under
UV-illumination, for complete mineralization of the

Fig.5. XRD patterns of the prepared TiO2 particles.

Fig. 6. TEM images of the prepared TiO2 particles.
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contaminant. The regenerated biomass and photo-cata-
lyst can be used for several cycles.

The changes occurred on the biomass surface
after regeneration is going to be investigated
thoroughly in further studies. Also, more details about
photo-degradation mechanism and optimization
process are needed to be investigated.
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