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a b s t r a c t

The polymer assisted ultrafiltration process combines the selectivity of the chelating agent with the fil-
tration ability of the membrane acting in synergy. Such hybrid process (complexation–ultrafiltration) is
influenced by several factors and therefore the application of experimental design for process optimiza-
tion using a reduced number of experiments is of great importance.

The present work deals with the investigation and optimization of cobalt ions removal from aqueous
solutions by polymer enhanced ultrafiltration using experimental design and response surface method-
ological approach. Polyethyleneimine has been used as chelating agent for cobalt complexation and the
ultrafiltration experiments were carried out in dead-end operating mode using a flat-sheet membrane
made from regenerated cellulose. The aim of this part of experiments was to find optimal conditions for
esponse surface methodology cobalt complexation, i.e. the influence of initial concentration of cobalt in feed solution, polymer/metal
ratio and pH of feed solution, on the rejection efficiency and binding capacity of the polymer. In this
respect, the central compositional design has been used for planning the experiments and for construc-
tion of second-order response surface models applicable for predictions. The analysis of variance has been
employed for statistical validation of regression models. The optimum conditions for maximum rejection
efficiency of 96.65% has been figured out experimentally by gradient method and was found to be as

, poly
follows: [Co2+]0 = 65 mg/L

. Introduction

In the last quarter of a century, the presence of heavy metal
ons in the environment has received extensive attention due to
ncreased discharge, their non-biodegradable properties, toxicity in
he environment, and other adverse effects which heavy metal ions
ave on receiving waters [1]. Cobalt is a ferromagnetic metal that
as a large application in different industrial fields such as produc-

ion of corrosion-resistant alloys and super-alloys for parts in gas
urbine aircraft engines, magnets and magnetic recording media,
atalysts for the petroleum and chemical industries as well as pig-
ents [2]. It is also applied in the electroplating industry because

Abbreviations: ANOVA, analysis of variances; CCD, central composite design;
oE, design of experiments; MEUF, micellar-enhanced ultrafiltration; MLR, multi-

inear regression method; MWCO, molecular weight-cut-off; PAUF, polymer assisted
ltrafiltration; PEI, polyethyleneimine; RSM, response surface methodology; RS-
odel, response surface model.
∗ Corresponding author. Permanent address: Tudor Neculai 25, 953C-14, Iasi,
omania. Tel.: +40 742176747.

E-mail addresses: cojocaru c@yahoo.com, ccojoc@gmail.com (C. Cojocaru).
1 Visiting scientist under the aegis of Marie Curie Action ‘Transfer of Knowledge’.

304-3894/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
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mer/metal ratio = 5.88 and pH 6.84.
© 2009 Elsevier B.V. All rights reserved.

of its appearance, hardness, and resistance to oxidation. Cobalt
radioisotope Co60 is a radioactive substance that is used in medicine
for radiotherapy, as well as in a number of industrial applications.
All these applications of cobalt in industry and medicine represent
the potential sources for generation of wastewater streams laden
with cobalt. Although cobalt is an essential element for life in tiny
amounts (central component of vitamin B12), at higher levels of
exposure it shows carcinogenic effects similar to nickel [2].

Thus, it is indispensable to treat metal-contaminated wastewa-
ters prior to their discharge to the environment. Various treatment
techniques for wastewater laden with heavy metals ions have been
developed in the last decade both to reduce the amount of wastew-
ater produced and to improve the quality of the treated effluent
[1]. Although different treatment methods such as chemical pre-
cipitation [3,4], coagulation–flocculation [4–6], electrochemical
processes [7,8], ion exchange [8,9] and sorption [10–13] can
be employed to remove heavy metals from wastewaters, they

have their intrinsic advantages and drawbacks in application. For
instance, chemical precipitation and coagulation–flocculation as
well as electrochemical treatment become ineffective particularly
when metal ion concentration in the solution is low (1–100 mg/L).
These processes produce large quantity of sludge to be treated. Ion

http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:cojocaru_c@yahoo.com
mailto:ccojoc@gmail.com
dx.doi.org/10.1016/j.jhazmat.2009.03.145
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Nomenclature

a the weight of polymer (g)
b0, bi, bii, bij regression coefficients in polynomial equation
b̄ (L × 1) vector of regression coefficients of response

surface model
C concentration of Co2+ in feed solution, [Co2+]0

(mg/L)
Cp concentration of Co2+ in permeate flux (mg/L)
DF degree of freedom
e residual error
F-value ratio of variances, computed value
h number of independent variables
i and j subscripts (integer variables)
J permeate flux
k superscript, indicating the iteration of searching in

gradient method
L number of regression coefficients within RS-model
m̄ vector indicating the direction of steepest ascent of

the objective function
mi component of the direction vector
MS mean square
MW molecular weight
N number of experimental runs in CCD
P-value statistical estimator
R2 coefficient of multiple determination
R2

adj adjusted statistic coefficient

r ratio of polymer (PEI) to cobalt (Co2+) (w/w)
SS sum of squares
s integer number for adjusting the step-length in gra-

dient method
t time
u number of design variables
¯̄X (N × L) design matrix of the independent variables

levels
x̄S vector of stationary point coordinates in coded

terms
x̄(k) vector of design variables in coded terms
x1, x2, x3 coded levels of the factors (design variables)
Ȳ (N × 1) vector of the experimental observations

(rejection efficiency)
Y rejection efficiency (experimental value);
Ŷ rejection efficiency (predicted value by RS-model);
z1, z2 actual variables
* superscript indicating optimal values of variables;

Greek letters
˛ axial point or “star” point in CCD;
� step-length of searching in gradient method

e
e
c
s
o
b
e
m
r
p
c

2.1. Chemicals
ω1, ω2, ω3 canonical axes with origin in stationary point
� valid region (initial region of experimentation)

xchange and activated carbon sorption processes are extremely
xpensive, especially when treating a large amount of wastewater
ontaining low heavy metal concentration. As regards the low-cost
orbents, it should be pointed out that despite their properties
f being inexpensive and easily available they have relatively low
inding capacity [13]. Therefore nowadays there is a growing inter-
st in developing and optimization of the alternative and promising

ethods for the removal of heavy metals from wastewaters. In this

espect, the membrane enhanced ultrafiltration assisted by com-
lexation using different water-soluble polymers has received a
onsiderable attention for the treatment of inorganic effluent, since
s Materials 169 (2009) 599–609

it is capable of efficient treatment of different wastewaters streams
laden with heavy metals ions and radionuclides [14–28].

Polymer assisted ultrafiltration (PAUF) is a hybrid process
that combines two phenomena, i.e. binding of metal ions to a
water-soluble polymer (complexation) and ultrafiltration. Since
the pore sizes of ultrafiltration membranes are not appropriate to
separate heavy metal ions, the chelating agents are used for bind-
ing the metals and to form macromolecular complexes [26–28].
These complex molecules, having a higher molecular weight than
the molecular-weight-cut-off (MWCO) of the membrane, will be
retained, while the non-complexed ions pass through the mem-
brane. By means of PAUF method and using different water-soluble
polymers it is possible to achieve selective separation and recovery
of heavy metals with low energy requirements [26]. Highly puri-
fied permeates have been achieved using PAUF method [14–29].
Generally, the results regarding polymer assisted ultrafiltration
were reported for different wastewater streams containing vari-
ous species of heavy metals (Cu, Zn, Cd, Co, Ni, Pb, Fe, Cr, Mn,
Hg) and different water-soluble metal-binding polymers such as
polyacrylic acid (PAA), polyethyleneimine (PEI), polyvinylalcohol
(PVA), polyacrylic acid sodium salt (PAASS), poly(dimethylamine-
co-epichlorohydrin-co-ethylene-diamine) (PDEHED) and so forth
[14–28]. The progress in macromolecular chemistry such as the
invention of dendritic polymers is providing novel opportunities
to develop the efficient nanoscale chelating agents for environ-
mental and industrial applications [29]. The results presented in
the reference [29] indicate that the dendrimer-enhanced ultrafil-
tration (DEUF) is a promising process for removal and recovery of
metal ions from aqueous solutions. Another option of enhanced
ultrafiltration to remove efficiently heavy metals from wastewaters
deals with micellar-enhanced ultrafiltration (MEUF). This separa-
tion technique involves the addition of surfactants to contaminated
aqueous solution [30–35].

Recently, the design of experiments (DoE) and response sur-
face methodology (RSM) has been proved to be effective tools for
investigation, modeling and optimization of the enhanced ultra-
filtration processes. In our previous work [25] we have applied
the experimental design and RSM for the optimization of hybrid
complexation–ultrafiltration process for copper removal from
aqueous solutions taking into account the feed concentration of
polyacrylic acid (i.e. chelating agent), the pH value and the polymer
to metal ratio. A good conformity was observed between the pre-
dicted and the experimental optimal conditions of polymer assisted
ultrafiltration. Xiarchos et al. [35], has applied response surface
methodology for the modeling of copper removal from aqueous
solutions using micellar-enhanced ultrafiltration. Also, Aydiner et
al. [36] applied the Taguchi experimental design to investigate the
influence of factors upon on nickel rejection, surfactant rejection
and steady-state flux in a surfactant-added powdered activated
carbon/microfiltration hybrid process.

The present work deals with application of DoE and RSM tools
for modeling and optimization of cobalt removal from aqueous
solution using polymer assisted ultrafiltration process and PEI as
chelating agent. The task of dead-end ultrafiltration experiments
was to optimize the complexation conditions in order to ensure
the maximum rejection efficiency. The optimum conditions will be
applied in real ultrafiltration systems operated in cross-flow mode.

2. Materials and methods
All the chemicals used in experiments were of analytical
reagent grade. As a source of cobalt ions, cobalt (II) chloride
hexahydrate CoCl2·6H2O (puriss) (MW = 237.93 g/mol) provided
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Fig. 1. Schematic diagram of batch complexation and dead-end ultrafiltration
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under study [40,44].
The experimental design used for the modeling of hybrid

complexation–ultrafiltration process was carried out choosing
three factors (design variables), namely: feed concentration of
cobalt ions (C, mg/L), ratio of polymer (PEI) to cobalt (r, w/w) and
ssembly. 1—Cylinder with compressed air (pressure trap); 2—reducer with
iaphragm valve and pressure gauge; 3—open–close valve; 4—release valve; 5—UF
tirred cell; 6—wrap-around clamp; 7—membrane; 8—magnetic stirrer and 9—batch
tirred tank for complexation reaction (preparation of feed solution).

y Sigma–Aldrich was used for preparing of aqueous solutions.
olyethyleneimine of 50 wt.% solution in water with average molec-
lar weight of MW = 750,000 g/mol from Sigma–Aldrich was applied

n polymer assisted ultrafiltration experiments as chelating agent.
olutions of hydrochloric acid and sodium hydroxide of 0.1 M and
.01 M concentrations have been used for pH adjustment. Distilled
ater has been used in all experiments.

.2. Analytical methods

The concentrations of cobalt ions in feed and permeate solu-
ions were measured by an analytical kit (HACH Permachem
eagents). This method is based on a measurement of color inten-
ity (absorbance reading at a 620 nm wavelength) of the complex
ormed by the reaction of cobalt with 1-(2-pyridylazo)-2-naphtol
nd surfactants in aqueous solution [37]. The reproducibility of the
oncentration measurement was within a maximum deviation of
% in all cases studied. By means of direct reading spectrophotome-
er UV–vis (HACH DR/2000) the absorbance was recorded. A pH

eter (OAKTON pH/CON 510) with a combined glass electrode was
sed for pH measurements of solution throughout the study.

.3. Batch complexation and dead-end PAUF experiments

The schematic diagram of batch complexation and dead-end
ltrafiltration assembly is shown in Fig. 1. All complexation exper-

ments of Co (II) ions with PEI were carried out in a batch stirred
ank with an initial volume of 500 mL. The chelating agent (PEI)
as added to the feed solution before filtration and pH was fixed
n the required level. The feed solution was gently stirred in order
o achieve the equilibrium state for complexation. The operating
emperature was the room temperature of 25 ± 2 ◦C. After the com-
lexation reaction 35 mL of feed solution was transferred from the
ank (9) into dead-end UF stirred cell (5), capacity of 50 mL (Amicon

050 Millipore, USA). This volume transfer is indicated by discontin-
ous line in Fig. 1. In the UF cell a flat-sheet membrane made from
egenerated cellulose and provided by Millipore (USA) was used.
he commercial membrane had MWCO = 5000 g/mol; diameter of
.45 cm and effective membrane area of 13.4 cm2. The permeate
s Materials 169 (2009) 599–609 601

flux of pure water in Amicon UF cell with regenerated cellulose
membrane was equal 50 L/m2 h.

It should be pointed out that the dense membrane of low-cut-off
(5000 g/mol) was used in these experiments to ensure the removal
of the complexes formed. The feed solution in UF cell was gently
stirred with magnetic stirrer to reduce concentration polarization
phenomena. All experiments were carried out applying an oper-
ating pressure of 350 kPa. The rejection efficiency (noted by Y%)
was determined for polymer assisted ultrafiltration experiments as
follows:

Y =
(

1 − Cp

C

)
× 100 (1)

where: C is the concentration of Co2+ in feed solution (mg/L) and
Cp—the concentration of Co2+ in permeate flux (mg/L). In addi-
tion, the binding capacity q (mg/g) was ascertained from the mass
balance using the subsequent equation:

q =
(

C − Cp

a1000

)
V (2)

where q is the binding capacity that indicates the quantity of metal
uptake by polymer (mg[Co2+]/g[PEI]), V is the volume of solution
(mL) and a is the weight of polymer added (g).

3. Results and discussion

3.1. Design of experiments and response surface modeling

The water-soluble polymer PEI is a strong chelating agent
with imine groups, having the following formula: (-NHCH2CH2-
)n[-N(CH2CH2NH2)CH2CH2-]y. The donor–acceptor bonds formed
between the metal and imine groups of the polymer result in com-
plexation of cobalt with PEI. The structure of PEI–Co complex may
be presented as it is shown in Fig. 2 [38]. Optimization of the sig-
nificant factors in the hybrid complexation–ultrafiltration process
via the conventional method of investigation involves the chang-
ing of one variable in time while all other variables are fixed at
constant levels, and studying the effect of the single variable on
the response. This classical approach is time-consuming and com-
plicated for a multi-variable system. In order to overcome such
difficulty, the statistical techniques as DoE and RSM for the study
of PAUF process have been applied. The DoE and RSM tools are
the collection of statistical and mathematical techniques used for
developing, improving, and optimizing any process or experiment
Fig. 2. Structure of Co–PEI complex.
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Table 1
Design variables and their coded and actual values used for experimental design.

Design variable (factors) Symbol Actual values of coded levels

−˛ −1 0 +1 +˛a

Initial concentration of cobalt
in aqueous solution, [Co2+]0

(mg/L)

x1 35.7 40 60 80 84.3

Ratio: PEI/cobalt, r x2 0.6 1 3 5 5.4
pH of solution x3 3.7 4.0 5.2 6.4 6.7
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lated. If the P-value is low, one may conclude that the RS-model is

T
C

R
a

a ˛ = 1.215 (star or axial point for orthogonal CCD in the case of 3 independent
ariables).

H of feed solution. The operating ranges and the levels of the con-
idered variables are given in actual and coded values in Table 1. A
entral composite design (CCD) of orthogonal type was employed
n this study for planning the experiments as it is shown in Table 2.
he CCD consists of three distinct sectors: (1) full factorial design in
hich the factor levels are coded to the usual low (−1) and high (+1)

alues; (2) axial points localized on the axis of each variable at a dis-
ance ˛ from the designed center; and (3) center points that can be
eplicated to provide an estimation of the experimental error vari-
nce. The results of two responses, i.e. (1) rejection efficiency Y (%)
nd (2) binding capacity q (mg/g) were determined experimentally
ccording to designed runs in order to ascertain the performance
f the complexation process.

Generally, a second-order polynomial model with main,
uadratic and interaction terms can be developed to fit the experi-
ental data obtained from the experimental runs conducted on the

asis of CCD. The response surface model (RS-model), known also
s regression or empirical equation, represents an approximation
f experimental data and is stated by the following relationship:

ˆ = b0 +
u∑

i=1

bixi +
u∑

i=1

biix
2
i +

u∑
i<j

bijxixj (3)

here Ŷ denotes the predicted response (predicted rejection effi-
iency), xi refers to the coded levels of the design variables, b0, bi, bii,

ij are the regression coefficients (offset term, main, quadratic and
nteraction effects) and u is the number of design variables. The
east square estimations of the regression coefficients have been
omputed by means of multiple linear regression (MLR) method

able 2
entral composite orthogonal design and experimental responses.

un number (N)
nd typea

Factors (controllable input variables)

Initial cobalt concentration Ratio: PEI/Co2+

[Co2+]0 (mg/L) Levelb x1 r Levelb x2

1 O1 80 1 5 1
2 O2 40 −1 5 1
3 O3 80 1 1 −1
4 O4 40 −1 1 −1
5 O5 80 1 5 1
6 O6 40 −1 5 1
7 O7 80 1 1 −1
8 O8 40 −1 1 −1
9 S1 84.3 � 3 0

10 S2 35.7 −� 3 0
11 S3 60 0 5.4 �
12 S4 60 0 0.6 −�
13 S5 60 0 3 0
14 S6 60 0 3 0
15 C1 60 0 3 0
16 C2 60 0 3 0

a O = orthogonal design points. C = center points. S = star or axial points.
b −1 = low value. 0 = center value. +1 = high value. ±˛ = star point value.
s Materials 169 (2009) 599–609

and can be written as follows [39–41]:

b̄ = ( ¯̄X
T ¯̄X)

−1
¯̄X

T
Ȳ (4)

where b̄ is a (L × 1) vector of regression coefficients, ¯̄X is a (N × L)
extended design matrix of the coded levels of input variables, Ȳ
is a (N × 1) column vector of response determined experimentally
according to the arrangement points into CCD, N is the number of
experimental runs and L is the number of regression coefficients
within the extended RS-model.

Based on experimental results obtained according to experi-
mental design (Table 2) the RS-models have been constructed by
MLR-method to figure out the functional relationship for approxi-
mation and prediction of rejection efficiency and binding capacity.
Thus, the second-order RS-models with coded variables are as fol-
lows:

Ŷ = 57.686 + 28.285x2 + 10.435x3 − 3.727x2
1 − 3.795x2

2

−4.049x2
3 + 1.57x1x3 + 7.395x2x3 (5)

q̂=211.648−29.11x2+34.742x3−24.15x2
1+10.542x2

2−25.404x2
3

subjected to : xi ∈ �; �={xi|−˛ ≤ xi ≤ +˛}; ∀i=1, 3
(6)

Note that, the term � means the valid region (region of exper-
imentation) where the RS-models are valid. The significance of
regression coefficients in RS-models with coded variables was
tested using the statistical Student’s t-test. Thus, in Eqs. (5) and
(6) only significant terms were retained. The significance of RS-
models was tested by means of analysis of variance (ANOVA). In this
respect the F-value was determined, which is a measure of the vari-
ance of data about the mean, based on the ratio of the mean square
of group variance due to error [40]. If the F-value departs signifi-
cantly from unity, then it is more certain that the design variables
adequately explain the variation in the mean of the data. Having
the F-value and the degree of freedoms, the P-value is then calcu-
statistically validated for prediction of the response. Most investi-
gators accept the RS-model for prediction if the P-value is less than
0.05. In Tables 3 and 4 the ANOVA results are presented for both
RS-models developed. The ANOVA tables summarise the sum of

Responses

Initial pH of solution Rejection efficiency Binding capacity

pH Levelb x3 Y (%) q (mg/g)

6.4 1 93.94 193.38
6.4 1 87.79 179.75
6.4 1 21.08 221.81
6.4 1 20.67 216.13
4.0 −1 51.65 106.93
4.0 −1 59.34 122.85
4.0 −1 15.93 164.94
4.0 −1 14.24 149.00
5.2 0 54.17 187.11
5.2 0 53.09 182.73
5.2 0 90.15 166.19
5.2 0 16.91 305.99
6.7 � 66.31 229.64
3.7 −� 40.00 136.50
5.2 0 53.28 184.50
5.2 0 52.84 182.30
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Table 3
Analysis of variance (ANOVA) for RS-model (response: rejection efficiency).

Source DFa SSb MSc F-value P-value R2 R2
adj

Model 7 10595.822 1513.689 117.322 <0.0001 0.9903 0.9819
Residual 8 103.216 12.902

Total 15 10699.038

a Degree of freedom.
b Sum of squares.
c Mean square.

Table 4
Analysis of variance (ANOVA) for RS-model (response: binding capacity).

Source DF SS MS F-value P-value R2 R2
adj

M
R
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s
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− 0
≤ r
odel 5 27496.99 5499.39
esidual 10 5885.85 588.585

otal 15 33382.84

quares of residuals and regressions together with the correspond-
ng degrees of freedom, F-value, P-value and ANOVA coefficients
i.e. coefficients of multiple determination R2 and adjusted statis-
ic R2

adj). The mathematical equations used for calculation of the

NOVA estimators (i.e. SS, MS, F-value, R2, R2
adj) are widely pre-

ented in the literature concerning DoE and RSM [39–41]. According
o the ANOVA results focused in Table 3, the F-value is very high
nd the P-value is smaller than 0.0001. In addition, the R2 value
or rejection efficiency is 0.9903, close to 1, which is desirable, and
he predicted R2 is in agreement with the adjusted coefficient of
etermination R2

adj. All these statistical estimators reveal that the
S-model developed for the prediction of rejection efficiency is
tatistically validated for the approximation of the response over
he range of experimentation considered (valid region). As regards
he second RS-model, that set the functional relationship between

inding capacity and factors, the ANOVA results are given in Table 4.
n this case, the F-value is also clearly departing from unity and P-
alue is about 0.0016. The coefficient of determination for binding

q̂ = −565.87 + 7.245C − 30.365r + 212.394pH
subjected to : 35.7 ≤ C ≤ 84.3 (mg L−1); 0.6
apacity response model is about 0.824. Thus, the statistical results
rom Table 4 indicate that the second RS-model is significant and

ay be used for the prediction as well. Likewise, the model ade-
uacy can easily be investigated by examination of the residuals,
hich may be defined for any observation as the difference between

Fig. 3. Experimental data plotted against the predicted ones for reje
9.343 0.0016 0.824 0.736

the experimental and predicted response (e = Yexp − Ŷpredic). The
goodness-of-fit of RS-models are illustrated in Figs. 3 and 4. As one
can see, both RS-models give good predictions for the investigated
responses. In addition the average relative error in percentage was
determined for both models. The average relative errors of 5.87 and
8.14% were obtained for predictors of rejection efficiency and bind-
ing capacity, respectively. Thus, the obtained average relative errors
were lower than 10% for both RS-models considered.

For the graphical representation and response surface analysis
it is worth converting the RS-models in terms of coded variables to
empirical models in terms of actual variables. Hence, the empirical
models in terms of actual variables may be written as:

Ŷ = −79.56 + 0.778C + 3.81r + 24.77pH − 0.0093C2 − 0.949r2

−2.812pH2 + 0.0654C pH + 3.081r pH (7)

.06C2 + 2.635r2 − 17.639pH2

≤ 5.4; 3.7 ≤ pH ≤ 6.7;
(8)

The empirical coefficients from Eqs. (7) and (8) were computed
by substitution, being dependent on the values of the regression
coefficients from Eqs. (5) and (6) and the operating range of each
design variable.
In the next figures (Figs. 5–10) the response surfaces plots
and contour-lines maps are presented for both response functions
revealing the influence of factors (design variables) upon the inves-
tigated responses, i.e. rejection efficiency and binding capacity.
Thus, the response surfaces illustrated in Figs. 5–7 for rejection

ction efficiency (a) and residuals versus observation order (b).
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Fig. 4. Experimental data plotted against the predicted ones for binding capacity (a) and residuals versus observation order (b).
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Fig. 5. Ŷ-response surface plot and contour-lines map depending on

fficiency (Y-response) indicates that the increasing of both pH
nd polymer/metal ratio will lead to enhancing of rejection effi-
iency. For the third factor (i.e. initial cobalt concentration in feed
olution) an optimal region where Y-response remains at maxi-
al level can be seen in the range of 55–70 mg/L. The main effect

f initial cobalt concentration factor is negligible (Figs. 5 and 6),
hile the polymer/metal ratio factor has the highest main effect
Figs. 6 and 7) followed by the main effect of pH factor (Fig. 7).
he quadratic effects are similar for all factors giving the contribu-
ion to the response surface curvature. The small interaction effect
etween cobalt concentration C and pH factors can be detected from
ig. 5 and there are no interaction effects between C and r factors

Fig. 6. Ŷ-response surface plot and contour-lines map depending on [Co2+]
0 and pH variables, holding the other variable at its center level, r = 3.

(Fig. 6). In addition, the relatively strong interaction effect between
r and pH variables can be seen from Fig. 7. For instance, the effect
of pH variable on rejection efficiency becomes more important at
higher values of polymer/metal ratio while the effect of r variable
is more intense at higher pH values (Fig. 7).

The Figs. 8–10 depict the q-response surface in terms of main,
interaction and quadratic effects of design variables (factors). The

response surface analysis in this case indicates that the increment
of pH up to value 5.5 leads to increasing of binding capacity q;
after that (i.e. in the interval 5.5–6.7 pH) the elliptical contour-
lines indicate the existence of optimal pH region that maximizes the
binding capacity. The increase in the initial cobalt concentration up

0 and r variables, holding the other variable at its center level, pH 5.2.
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Fig. 7. Ŷ-response surface plot and contour-lines map depending on pH a

o 55 mg/L enhances the q-response function. For the concentration
nterval 55–65 mg/L the variation of binding capacity is not signif-
cant and q-response remains at superior levels. For higher value
f initial metal concentration (i.e. >65 mg/L) the binding capacity
as the trend of decreasing. Concerning the polymer/metal ratio

actor, the growth of this variable lead to decrease in binding capac-
ty. So that, at the lower values of polymer/metal ratio the binding
apacity will be the highest. This can be attributed to different
quilibrium states at lower and higher values of polymer dosage.

hus, at the lowest PEI dosage the polymer will be almost com-
letely “consumed” for binding the metal ions that are in surplus
tate comparing with polymer amount. The binding capacity in
his case will be the highest one. With the increasing of polymer
osage (polymer/metal ratio) the changes in equilibrium state leads

Fig. 8. q̂-response surface plot and contour-lines map depending on [Co2+]

Fig. 9. q̂-response surface plot and contour-lines map depending on pH and r v
ariables, holding the other variable at its center level, [Co2+]0 = 60 (mg/L).

to diminishing of binding capacity. The main effect of C factor on
binding capacity is negligible (Figs. 8 and 10) while the highest main
effect upon binding capacity is attributed to pH followed by r fac-
tor (Fig. 9). The quadratic effects appear for all factors while the
interaction effects between them are non-significant.

3.2. Canonical analysis and response surface optimization

Since the batch complexation and dead-end PAUF experiments

were devoted for determination of optimal conditions of complex-
ation reaction to ensure the maximal retention of the complexes by
the membrane, the response of primary importance was the rejec-
tion efficiency. Therefore, for the optimization issue the Y-response
equation was selected as objective function. The canonical analysis

0 and pH variables, holding the other variable at its center level, r = 3.

ariables, holding the other variable at its center level, [Co2+]0 = 60 (mg/L).



606 C. Cojocaru et al. / Journal of Hazardous Materials 169 (2009) 599–609

Table 5
The feasible optimal point for complexation process (Co–PEI) determined by stochastic simulations (experimental value vs. predicted one).

I 2+ 2+ pH

x x3

0 1.

w
I
f

Y

w
p
s
s
n
[
s
s
s
o
w
t
a
p
f

(
i
d
d
g
w

a
(
t
t
l
o
p
f
t
a

nitial concentration of Co in aqueous solution Ratio: PEI/Co

1 [Co2+]0 (mg/L) x2 r

.241 65 1.215 5.4

as employed to figure out the stationary point and its nature.
n our case the canonical form of Y-response model becomes as
ollows:

ˆ − ŶS = −3.73ω2
1 − 0.138ω2

2 − 7.703ω2
3 (9)

here ŶS means the value of response function in stationary
oint and ω1, ω2 and ω3 are canonical axes with origin in the
tationary point. Since the canonical coefficients have negative
igns the stationary point is a maximum point. The coordi-
ates of stationary point in terms of coded variables are x̄S =
14.228 69.54 67.549]T revealing that this point is located out-
ide of the valid region and Ŷ(x̄S) = ŶS = 1.393 × 103. So that, the
tationary point (absolute maximum) cannot be used as optimal
olution in our problem. Therefore, for determining of feasible
ptimal point inside of valid region the numerical simulations
ere carried out. In this respect Monte-Carlo stochastic simula-

ion method [42] was applied using a multi-stage approach and
zooming-in technique in order to determine the feasible optimal
oint more accurately. The results concerning feasible optimal point
ound are reported in Table 5.

The experimental value of response in feasible optimal point
Y = 95.28%) is higher than any rejection efficiency value achieved
n the initial experiments conducted according to experimental
esign (Table 2). In addition, the value of binding capacity q was
etermined for feasible optimal point. Thus, the binding capacity
iven by approximation model in this point is about 195.09 mg/g
hile the experimental one is about 183.39 mg/g.

As one can see, for the feasible optimal point the both vari-
bles r and pH were converged to the boundary of valid region
region of experimentation). Therefore it was of interest to explore
hese variables beyond of initial region of experimentation. Since
he RS-model cannot be used for the prediction beyond these
imits, an additional experimental optimization approach based

n gradient method was used in order to explore the r and
H factors further than initial region of experimentation. The

easible optimal point determined by response surface optimiza-
ion was taken as the start point in this additional experimental
pproach.

Fig. 10. q̂-response surface plot and contour-lines map depending on [Co2+]
of solution Y,(%) experiment Y,(%) RS-model

pH

215 6.7 95.28 104.30

3.3. Experimental optimization by gradient method

To figure out the optimal solutions by gradient methods the val-
ues of both the objective function (response function) and its first
order partial derivatives should be known [43]. According to the
methodology of gradient algorithms, the advance towards optimum
is accomplished in gradient direction. As it is already known, the
gradient of a response function Y(z̄) in a point is the assembly of
first order partial derivatives of the function of several variables in
the considered point z̄(0), that is:

[grad Y(z̄)]z̄(0) =
[

∂Y

∂z1

∂Y

∂z2
. . .

∂Y

∂zh

]T

z̄(0)
(10)

where h is the number of independent variables.
The gradient direction, as a vector, depends upon the coordi-

nates of this point and indicates the direction of steepest descent
[−grad Y(z̄)] or steepest ascent [+grad Y(z̄)] of the objective func-
tion in the considered point.

The one step displacement �(k) from a certain point z̄(k) into
another z̄(k+1) is given by the subsequent equation [43]:

z̄(k+1) = z̄(k) + m̄(k)�(k) (11)

or in terms of components:

z(k+1)
i

= z(k)
i

+ m(k)
i

�(k) ∀i = 1, 2, . . . h (12)

where the directions of steepest ascent/descent are given by fol-
lowing equation:

m(k)
i

= ±(∂Y/∂zi)z̄(k)√∑h
i=1(∂Y/∂zi)

2
(13)

In the above relationship the signs (+) and (−) correspond to
maximizing and minimizing issue, respectively. If the mathemati-
cal expression of the objective function (response function) is not
known for a specific region of experimentation, but the experimen-
tal system for optimization is available, one can proceed as follows.
1) A start point is chosen z̄(0) and the gradient components in the
considered point are determined experimentally. For instance, if
for unknown explicit relationship Y = f(z1, z2), the variable z1 is
increased by �z(0)

1 when keeping z2 at constant level, and then

0 and r variables, holding the other variable at its center level, pH 5.2.
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Table 6
Experimental design carried out according to the gradient method, [Co2+]0 = 65 mg/L
(for each run).

No. z1 (polymer/metal ratio) z2 (pH) Y (%) rejection efficiency
(experimental values)

1
2
3

2

3

4

a
t
e
b
m
t
o
fi
i
c
b
a
w

m
c

s
T
h
c
1
o
n
�
t
o

Table 7
The experimental optimization of complexation conditions according to gradient
method, [Co2+]0 = 65 mg/L.

s � = 0.25 × s z1 (polymer/metal ratio) z2 (pH) Y (%) removal efficiency
(experimental value)
5.4 6.7 95.28
6.2 6.7 96.18
5.4 8.4 95.83

the variable z2 is increment by �z(0)
2 when keeping z2 constant,

the corresponding values of Y-response should be measured
every time. Let �Y (0)

1 and �Y (0)
2 be the experimentally deter-

mined increases of the Y-response in this case. These increments
can be considered as proportional to the partial derivatives in the
considered start point z̄(0), that is:(

∂Y

∂z1

)
z̄(0)

∼=
(

�Y (0)
1

�z(0)
1

)
(14)

(
∂Y

∂z2

)
z̄(0)

∼=
(

�Y (0)
2

�z(0)
2

)
(15)

and the gradient in this case can be written as following:

[grad Y(z̄(0))] ∼=
[

�Y (0)
1

�z(0)
1

,
�Y (0)

2

�z(0)
2

]T

(16)

) The directions of steepest ascent/descent, i.e. m0
1 and m0

2, respec-
tively are calculated by means of Eq. (13).

) A fixed length-step, namely, �, is chosen and the coordinates of

new point z̄(1) = [z(1)
1 z(1)

2 ]
T

are computed according to Eq. (11)
and the response Y(z̄(1)) is determined experimentally.

) The calculations could be repeated starting form new point z̄(1).
Thus, the components of gradient in this point are experimen-
tally determined, as for point z̄(0) and so on.

The above-described gradient method was applied as additional
pproach to response surface optimization in order to determine
he best conditions of complexation beyond of initial region of
xperimentation where the RS-model is not confirmed and cannot
e used for the prediction. In this experimental approach (gradient
ethod) only two variables from three were selected for optimiza-

ion. These variables are z1—the polymer/metal ratio (r) and z2—pH
f solution. The third variable, i.e. initial concentration of cobalt was
xed at constant level (optimal value) in all experiments concern-

ng gradient method, i.e. [Co2+]0 = 65 mg/L. This factor (initial cobalt
oncentration) was kept constant since it did not converge to the
order of valid region as others in the response surface optimization
pproach. Thus, the experimental optimization by gradient method
as reduced to the two-variable problem.

The experimental design carried out according to gradient
ethod is shown in Table 6. The value of rejection or removal effi-

iency Y in each test was determined experimentally.
The determining of gradient components and the corresponding

teepest ascent directions based on experimental results listed in
able 6 is discussed as follows: The start point z̄(0) that was used
as coordinates z(0)

1 = 5.4 and z(0)
2 = 6.7, respectively. Under these

onditions the rejection efficiency obtained was of 95.28% (run no.
in Table 6). In fact, the start point is identical with the feasible
ptimal point determined by response surface optimization. In a
ew test (run no. 2) the variable z1 was modified by the increment
z1 when keeping z2 constant. In this case the new experimen-

al conditions become: z1 = 6.2 and z2 = 6.7, respectively and the
btained removal efficiency is 96.18% (run no. 2 in Table 6). Thus, a
1 0.25 5.64 6.77 95.79
2 0.5 5.88 6.84 96.65
3 0.75 6.12 6.91 94.84
4 1 6.36 6.98 93.98

0.9% response increase is noticed as a consequence of the modifi-
cation of the variable z1 by increment �z1 = 0.8. According to these
results the following approximation was considered:(

∂Y

∂z1

)
z̄(0)

∼=
(

�Y (0)
1

�z(0)
1

)
= 0.9

0.8
= 1.125 (17)

Then the changing in z2 variable was achieved by increasing
it with �z1 = 1.7 and keeping the other variable constant, i.e. z1.
Under the new experimental conditions the experimental value
of removal efficiency was 95.83% (run no. 3 in Table 6) and the
corresponding variation �Y was 0.55%. Therefore the considered
approximation may be written as:(

∂Y

∂z2

)
z̄(0)

∼=
(

�Y (0)
2

�z(0)
2

)
= 0.55

1.7
= 0.324 (18)

and the gradient in point z̄(0) is as follows:

[grad Y(z̄(0))] ∼=
[

�Y (0)
1

�z(0)
1

,
�Y (0)

2

�z(0)
2

]T

= [1.125 0.324]T (19)

Based on gradient components the directions of steepest ascent
were computed according to Eq. (13), thus m(0)

1 = 0.961 and m(0)
2 =

0.276. The new points toward the direction of steepest ascent were
calculated using Eq. (12) and four different values of step-length �
as is shown in Table 7. The distinctive step-lengths were calculated
as � = 0.25 × s where s denotes an integer number for adjusting the
best step-length toward the directions of steepest ascent.

As one can see from Table 7, the maximum removal efficiency of
Y = 96.65% was obtained for z1 = 5.88 and z2 = 6.84 by using an opti-
mal length-step of � = 0.5 towards the direction of steepest ascent
(i.e. m̄(0) = [0.961 0.276]T ).

The optimal conditions of complexation determined by gradi-
ent method (experimental optimization approach) are as follows:
[Co2+]0 = 65 mg/L, r = 5.88 and pH 6.84 in such conditions the rejec-
tion efficiency of 96.65% was obtained. This value (Y = 96.65%) is
the highest rejection efficiency value obtained in all experiments
conducted in this work concerning the complexation of Co2+ with
PEI followed by ultrafiltration on regenerated cellulose membrane.
It is worth noting that there is a difference between the removal
efficiency value (96.65%) obtained by gradient method and that
obtained by response surface optimization (95.28%). This differ-
ence is due to the accuracy by which the RS-model describes the
dependence between response (rejection efficiency) and the design
variables, on one hand, and to the limitation of the initial experi-
mental range where the RS-model is valid over, on the other hand.
As one can see, both the optimum ratio between polymer and metal
as well as the optimum value of pH of solution established by gra-
dient method exceed the initial experimental range given by CCD
for which the response surface equation (RS-model) is valid over.
Additionally, a set of experiments was carried out for optimal
conditions of complexation in order to figure out the evolution
of permeate flux as well the average permeate flux (Fig. 11). The
regression analysis was employed to fit the experimental results.
Thus, the permeate flux J (experimental data) was fitted well by the
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ig. 11. Permeate flux vs. time for dead-end polymer assisted ultrafiltration system.
embrane: regenerated cellulose (5 kDa), [Co2+]0 = 65 mg/L, r = 5.88 and pH 6.84.

olid lines: prediction given by regression model.

ollowing non-linear regression equation:

= 37.49 + 1.228
√

t − 0.58t + 0.216t−1 + 0.011t2 − 8.757 × 10−5t3

(20)

here t means time (min). The goodness-of-fit was assigned by
eans of average relative error which was about 0.3%. The aver-

ge permeate flux was determined by integration of the regression
quation (Eq. (20)) with time. The value of 34.94 (L/m2 h) was
btained for average permeate flux. Likewise the permeate flux
ecline was estimated from Fig. 11 being about 13%.

. Conclusions

The statistical experimental design of CCD-type was applied
or the investigation and response surface modeling of hybrid
omplexation–ultrafiltration process (in dead-end mode) for cobalt
emoval from the synthetic wastewaters using PEI as chelating
gent.

The constructed RS-models were statistically validated by
NOVA and used for the prediction of rejection efficiency and
inding capacity over the valid region (region of experimenta-
ion given by CCD). Also, the 3D plots as well as contour-line

aps were drawn for spatial representation and analysis of the
esponse surface functions. Based on the RS-model developed for
he prediction of rejection efficiency the feasible optimum condi-
ions established for the valid region were computed by means of

ulti-stage Monte-Carlo simulation technique using a zooming-in
pproach. In these conditions (i.e. [Co2+]0 = 65 mg/L, r = 5.4 and pH
.7) the experimental value of rejection efficiency of 95.28% was
btained.

The additional experimental optimization of the process
ccording to the algorithm of the gradient method was also
ccomplished to explore the limits of initial region of exper-
mentation. The optimal experimental conditions of hybrid

omplexation–ultrafiltration process that ensure a maximum rejec-
ion efficiency of Y = 96.65% throughout all experiments (extensive
xperimentation region) were determined by gradient method and
re as follows: [Co2+]0 = 65 mg/L, r = 5.88 and pH 6.84. For the opti-
al conditions of complexation an average permeate flux of 34.94

L/m2 h) and a flux decline of 13% was obtained experimentally.
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