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In the present study, the adsorption of sulfates of sodium sulfate (Na,SO4) and sodium lauryl
sulfate (SLS) by calcium hydroxyapatite (CHA) modified microfibrillated cellulose (MFC) was
studied in the aqueous solution. The adsorbent was characterized using elemental analysis,
Fourier transform infrared (FTIR), scanning electron microscope (SEM) and elemental
analysis in order to gain the information on its structure and physico-chemical properties.
The adsorption studies were conducted in batch mode. The effects of solution pH, contact
time, the initial concentration of sulfate and the effect of competing anions-were studied on
the performance of synthesized adsorbent for sulfate removal. - Adsorption kinetics
indicated very fast adsorption rate for sulfate of both sources (Na;SOszand SLS) and the
adsorption process was well described by the pseudo-second-order kinetic model.
Experimental maximum adsorption capacities were found to be 34.53 mg/g for sulfates of
SLS and 7.35 mg/g for sulfates of Na,SO4 The equilibrium data were described by the
Langmuir, Sips, Freundlich, Toth and Redlich-Peterson isotherm models using five different

error functions.

Keywords: Adsorption;. Calcium hydroxyapatite (CHA), nanocellulose; water treatment;

sulfate removal.

1. Introduction

Sulfate is a common contaminant of wastewater effluent. The wastewater originating from
animal husbandry, mining and food processing is usually highly polluted with sulfate [1].

High concentration of sulfate-based compounds in drinking water raise serious health risks
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and cause environmental deterioration [2]. High sulfate concentrations in drinking water
can cause diarrhea and dehydration [3]. Sulfates are also related to the occurrence of piping
and equipment corrosion. When these effluents are discharged into the environment, they
may increase the acidity of both soils and water bodies [2]. Due to these adverse effects on
human health and the environment, mining industries usually set limits for sulfate

concentrations in waters and wastewaters ranging from 250 mg L™* to 500 mg L[4, 5].

On the other hand, surfactants are the active ingredients of hygiene products and
detergents for industrial and household cleaning. They are one of the most common organic
pollutants characterized with very high potential to enter the environment due to their wide
use in daily life mainly in household applications and. as industrial cleaning agents.
Surfactants are primarily present in agueous solutions, which lead to introduction into the
environment via wastewater discharges [6].-Sodium lauryl sulfate (SLS) is widely used as
anionic surfactant in several products such as shampoos, detergents and toothpaste due to
its relatively low cost [7]. It 'has been shown that SLS causes eye or skin irritation in
experiments of done.on _animals and humans [7]. The research suggests that SLS can also
cause irritation< after extended exposure in some people [7]. Therefore, robust water
treatment” is necessary in order to remove elevated concentrations of sulfates and

surfactant from industrial and domestic wastes to reduce their concentrations.

Recently, a number of methods such as chemical precipitation, ion exchange, reverse
osmosis, nano-filtration, electro-dialysis, crystallization, distillation and evaporation have
been used for the removal of sulfates and surfactant from wastewaters [5, 6, 8-12].

Chemical precipitation is a widely used, proven technology for the removal of sulfates but
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this method has some limitation such as, the production of high sludge volume and pH
adjustment of treated water. On the other hand, ion exchange and membrane separation
are considered to be expensive technologies due to the high operational costs [5, 13].
Adsorption has been proved as one of the most efficient methods for the removal of
different pollutants from aqueous media. At present, research interests into the production
of alternative adsorbents to replace costly synthetic resins have intensified in recent years.
Sulfate removal by shrimp peelings [14], modified cellulose contained in sugarcane bagasse
[15] and rice straw [16], coconut pith [17], limestone [18] and modified zeolites [6] has been
studied. In this context, the advantages of using cellulose based materials as the basis for
new adsorbent design lie primarily in its high abundance and low cost. The chemically
modification is usually necessary in order to achieve a better adsorption capacity. However,
the use of the catalyst and the organic solvent will inevitably impair the product’s cost
advantage promised by its abundant and renewable raw material. Most of these chemicals

are also harmful for the environment.

We have presented, in our previous study, that the calcium hydroxyapatite (CHA) modified
microfibrillated cellulose (MFC) is an easily handled, natural and environmentally friendly
adsorbent with excellent removal efficiency for metals and phosphorus, moderate removal
efficiency for nitrates [19]. The aim of this work is to study the removal of an anionic
surfactant (SLS) and sulfate from aqueous solution by adsorption on CHA/MFC and to assess
the parameters that influence the sulfate and surfactant adsorption. The most common
isotherm equations namely Langmuir, Sips, Freundlich, Toth and Redlich—Peterson were used
for analyze the experimental data. Another purpose of this work was to stimulate discussion

about usefulness of commonly used error functions for comparing the fit of isotherms. The
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comparison of five different error functions in minimizing the error distribution between the
experimental and predicted isotherms was discussed using the experimental data of

adsorption.

2. Materials and methods

Unmodified MFC, commercial microfibrillated cellulose KY 100G, was obtained from Daicel
Industries Ltd. The crystallinity index of the pulp was 66% and an average particle size
measured by a laser diffractometer (Beckman Coulter LS 13 320) was 75 um. All solutions
were prepared in Millipore milliQ high purity water. All chemicals used in this study were of
analytical grade and supplied by Sigma—Aldrich (Germany). Sulfate and SLS stock solutions of
1000 mg/L were prepared by dissolving appropriate amounts of Na,SO; salt and

C12H25NaQ,S salt in deionized water.

2.1. Synthesis of CHA modified MFC

The solution containing MFC(3.0 g), NaOH (15.0 g) and distilled water (100 mL), were mixed
under magnetic stirring for 5 min at room temperature. After that, the solution was cooled

to 5 °C for12'h [19-21].

50 mL of cooled MFC—-NaOH solution was mixed with the solution containing 25 mL of
CaCly-2H,0 (0.402 mol/L) and 25 mL of NaH,PO4-H,0 (0.802 mol/L) under vigorous stirring
at room temperature for 2 h. After stirring the mixture was transferred into an oven at
160 °C for 6 h. The mixture was centrifuged at 4000 rpm for 5 min. CHA/MFC mixture was

washed four times by water — ethanol mixture and centrifuged [19-21].
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2.2. Characterization of modified MFC

Fourier transform infrared spectroscopy (FTIR) spectra of CHA/MFC were obtained using
Vertex 70 by Bruker Optics (Germany). An attenuated total reflection (ATR-FTIR) spectra
were accomplished at 4 cm™* resolution from 400 to 4000 cm™" and 100 scans per sample:
The surface morphology and chemical composition of CHA/MFC was examined using a
Hitachi S-4100 scanning electron microscope (SEM) and energy dispersive analysis of X-rays
(EDAX), respectively. The surface charge and point of zero charge of the modified and
unmodified cellulose were determined by isoelectric point titration as-a function of pH by

using ZetasizerNano ZS (ZEN3500, Malvern).

2.3. Batch adsorption experiments

Potential of CHA/MFC for sulfate removal from aqueous solution was studied using batch
experiments in a reaction mixture of 0.030 g of adsorbent and 0.005 L of Na,SO,4 and SLS
solution at sulfate concentration ranging from 25 to 500 mg L™. The effect of contact time
was studied in two reaction mixtures of 3.75 g L of adsorbent and 0.200 L of solution
containing 120 and 250 mg L sulfate of Na,SO, and SLS, respectively. Blending of the
reaction mixture was accomplished under mechanic stirring. 2 mL samples were pipetted
with-plastic ‘syringe from the reaction mixtures according to schedule. The experiments

were conducted at room temperature. The contact time was varied from 5 to 600 min.

Sulfate concentrations were analyzed by an inductively coupled plasma optical atomic

emission spectrometry (ICP-OES) model iCAP 6300 (Thermo Electron Corporation, USA). The
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adsorption capacity (ge, mg/g) and removal efficiency (%) were calculated by Egs. (1) and

(2), respectively.

Ci—Ce
ge =2y (1)
n(%) = £ x100 2)

where, Cp and C; are the initial and equilibrium concentrations of sulfate and surfactant
(mmol L) respectively, m is the weight of the adsorbent (g) and V is the volume of the

solution (L).

Effect of initial solution pH on adsorption was studied using Na,SO4 and SLS with initial SO,
concentration of 125 and 250 mg L™, respectively, in the pH range of 3.0-8.0 at 305 K. The
pH of the solution during batch adsorption was not adjusted (except pH dependent
isotherm study) by adding either acid or base. But, final pH of solution at equilibrium point

for.each batch experiment was noted.

Effects of individual competitive ions like, phosphate (NaHPQ,), nitrate (NaNOs) and
chloride (NH4Cl) on Na,SO,4 and SLS adsorption were studied in batch mode at pH 2-9 and
305 K with 6 g L' adsorbent dose using 5 mL solution containing following combination of

ions: 200.0 mg L' sulfate, chloride, nitrate, and phosphate respectively.
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2.4 Theoretical method

2.4.1 Kinetics

Kinetic characteristic of an adsorbent depends on the presence of active sites and the ease
of access of the adsorbed ions onto the active site without sterical hindrance which is
greatly determined by the matrices of the adsorbent [21, 22]. The sorption” mechanism
depends on the physical and chemical characteristics of the adsorbent as well as.on the
mass transfer process. In order to investigate the mechanisms of the sulfate adsorption
process, various kinetic models were applied to describe the adsorption kinetics onto

CHA/MFC.
Pseudo first-order kinetic model

The pseudo-first order kinetic model-can be given as:

D=k (qe—q.) < B3)

where kq (min'l) is the rate constant of adsorption, g; and g. are the adsorbed amounts at a
given time 't and at equilibrium (mg g*) respectively [19-23]. After integration between 0O

and a given time t, it comes:

In (%) = —K,t (4)
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which can be rearranged to give:

In(g. — q:) =Ing, — K;t (5)

Pseudo second-order kinetic model

The pseudo-second-order model is based on the assumption that sorption follows a second-
order mechanism, whereby the rate of sorption is proportional to the square of the number

of unoccupied sites [21, 23-27].

d
— = k2(q. — q)* (6)

where k; is the rate constant of the pseudo-second order model (g mg *min™).

The linearized form of Eq. 6.is’expressed as

t 1 t
—= =7
qc  K2q% " qe )

2.4.2 Adsorption isotherms

Single-component sorption models
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The equilibrium between a solute and an adsorbent surface is commonly represented by
single-component adsorption isotherms, basically considering the following surface

complexation reaction

R+XSRXR+XSRX (8)

where R represents the sorbent in its initial form, X is the aqueous phase species, and RX is

the species X in the resin phase [21, 27].

Langmuir isotherm

The Langmuir relates the amount of solid adsorbate adsorbed, ge, to the equilibrium liquid
concentration at a fixed temperature [19-21; 29, 30]. It is semi-empirical model and derives
from Eqg. (8) assuming a monolayer adsorption phenomenon on a homogeneous surface.
Considering Eq. (8) at equilibrium, the Langmuir parameter k. (L mg™) representing the

equilibrium constant can be expressed as

ki=[RX]/[R][X] (9)

At equilibrium, the Langmuir equation arises from Eq. (8) considering Xaq = Ce; RX = g¢; and
R'= go - g, Where go (Mg g™') represents the maximum capacity of the resin. Eq. (9) then

becomes,

k, =—2 (10
L (90—qe)Ce ( )
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And a simple modification leads to following

quECE (11)
1+kCe

e =

. 1.
and denoting a = A it can be also expressed as
L

_ qmCe
Qe =pr, 12)

Freundlich isotherm

The Freundlich isotherm [32] is an empirical model which doesn’t imply a maximum

adsorption capacity of the sorbent. The model based on the following equation:

qe = kpC)/"F (13)

H/"F Ll/”F g_l) and nr (dimensionless) are the Freundlich constants determined

where kg (mg
from-the nonlinear regression. The value of the parameter n¢ is representative of both the

adsorption intensity and the surface heterogeneity.

Despite the parameter ng devoid of physical meaning, it is generally accepted that

0< 1/nf <1 indicates favourable adsorption, while 1/ng=1 indicates a linear adsorption
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phenomenon, 1/ng> 1, it is difficulty to adsorb. The Freundlich constants ngand kg appear to

incorporate all the physico-chemical factors influencing the adsorption process [23, 32].

Sips isotherm

Langmuir also considered the case of a molecule occupying two sites. In such cases, a
derivative of the original Langmuir isotherm can be determined assuming thatthe rates of
adsorption and desorption are proportional to (1-8)> and 67 respectively, where 8 is the

fractional surface coverage [33]. Therefore, the rate equation becomes:

2 = koC(1 = 0)% — kyb? (14)
Generalising to m= (1/n) sites and assuming equilibrium produces the Sips sorption isotherm
[34]. In brief, Sips isotherm model is obtained by introducing a power law expression of the

Freundlich equation into the Langmuir equation. The non-linearized form of Sips isotherm

model can be given as follows:

_ Am(KsCe)™
T =1+ (K,C)ms

(15)
. . . 1\"s
which, if denoting a = (K—) , can also be expressed as
S
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_ chens

a+CeMs (16)
where ge is the adsorbed amount at equilibrium (mg g*), C. the equilibrium concentration
of the adsorbate (mg L), gms the Sips maximum adsorption capacity (mmol g), Ks the Sips
equilibrium constant (L mg™), and ns the Sips model exponent describing heterogeneity. If
the value of Ks approaches 0 (when value of a approaches to infinity), the Sips.isotherm will
become a Freundlich isotherm. While the value of ny =1 or closer to 1, the Sips isotherm Eq.
reduces to the Langmuir Eq.; that is, adsorption takes place on homogeneous surface [21,

32].

At low adsorbate concentrations, the Sips isotherm effectively reduces to the Freundlich
isotherm and thus does not obey the Henry's law. At high adsorbate concentrations, it

predicts a monolayer adsorption‘capacity, characteristic of the Langmuir isotherm.

Redlich—Peterson isotherm

The Redlich—Peterson isotherm [35], contains three parameters, Agp, Brp and g, and the form

of the Eq. includes features of the Langmuir and Freundlich isotherms. This isotherm is

represented by:

_ _ArpCe
qe - 1+BRPC‘g (17)
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where g. (mg g) is the solid-phase sorbate concentration at equilibrium, Ce (mg L) is the
concentration of adsorbate in equilibrium with liquid phase, Agp (L g‘l) and Bgp (L

mol™) are the Redlich-Peterson isotherm constants, while g is the exponent, which lies
between 0 and 1. When exponent g = 0, Eq. (18) transforms to Henry's law equation. For

exponent g = 1, Eqg. (18) converts to the Langmuir form [33].

Toth isotherm

The Toth isotherm is an empirical model, which was developed to yield an improved fit
versus traditional Langmuir isotherm modelling [21, 23]. It is often useful in the case for
describing heterogeneous systems. The Toth isotherm model approaches the Henry region

at infinite dilution.

q,. KrCe (18)

“(ar+Ce)l/t

where ay is adsorptive potential constant (mg L™) and Kt Toth’s heterogeneity factor.

2.4.3 Error functions

Various measures for model error, or error functions, have been developed through the

decades of research on mathematical modeling. A simple and natural way to measure error
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of a model is to calculate differences from comparable pairs of observed and modeled
values, and to add the absolute values of the differences together. Even better measure for
the model error is obtained if the differences are squared. The sum of squared errors (SSE),

is the most commonly used measure for model error, and is defined as

SSE = Z?:l(xi,calc - xi,meas)z (19)

where X; meqs I = 1,...1, are the measured values and x; .4;. , i =1, ...nthe corresponding
calculated values. In this study, SSE and other error functions are appliedto the equilibrium

concentrations, when X; ;meqs = Ge.imeas aNd X caic = Ge,i caic-

When the spread of the values in the data set is large, as the case usually is with adsorption
isotherms describing the system behavior both on very low and very high concentrations,
optimizing model parameters by minimizing SSE tends to lead to relatively better fit with
high values. In the case of adsorption isotherm models this means bias towards high
concentrations. To-avoid this, it's possible to replace SSE by some of the relative error
functions. In error measures, such as average relative error (ARE) and chi-square error (X?),
the difference between observed and modelled value (squared or not) is considered as

proportional, in respect to observed or modelled value [23, 36-38]. They are defined as

100

Xi lc—Xi
ARE = ?=1 l,ca.c imeas (20)
n Ximeas
and
2
2 _ vn (&icalc=Ximeas)
X® = D=1 ) (21)
Xicalc
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Chi-square error can be developed to consider also model complexity. Reduced chi-square

error is defined as

2 _1lyn (Xicalc=Ximeas)®

Xred T g&i=l Xi calc (22)

where K denotes degrees of freedom. If the number of parameters in a linear model is p
and number of observations is n, then K = n — p. In addition to fitting parameters, the
reduced chi-square error can be also used to indicate if it is'desirable or not to increase the

number of parameters in the model, leading to greater model complexity. If this criterion is

used, the model producing smaller reduced chi-square error is considered as the better one.

Hybrid fractional error is very similar to the reduced chi-square error, basically the
difference being only the measured values as divisor instead of the calculated ones,

additionally it’s usually defined as scaled by factor 100:

. P 2
HYBRID = % ?:1 (Xicalc—Ximeas) (23)

Ximeas

Yet another error function considering degree of freedom, and used commonly in

adsorption studies, is Marquardt’s percent standard deviation (MPSD), defined as

2
MPSD = % n <M) (24)

Ximeas
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The error functions were applied to the commonly used isotherms models Langmuir, Sips,
Freudlich, Toth and Redlich-Peterson. Andrae et al. recommended reduced chi-square not
to be used for nonlinear models [39]. Despite that the reduced chi-square and similar error
functions considering degree of freedom are widely applied to the nonlinear isotherm

models listed above.

3. Results and discussion

3.1. Characterization studies

The functional groups on the surface of synthesized CHA/MFC adsorbent were analyzed
using Fourier Transform Infrared (FTIR) spectroscopy at wavelengths in the range 400—-4000
cm™. Fig. 1 shows the FT-IR spectra of unmodified MFC and CHA modified MFC. A weak
band at around 3330 cm’ is corresponding to hydroxyl stretching. There were two
absorption peaks at 2900 cm™ witch corresponding to the tension and vibration of -CH, in
both spectra. The few. others characteristic peaks of unmodified MFC occurred in the
spectra: the  CH and OCH in-plane bending vibrations at around 1430cm™, the CH
deformation” vibration at 1370 cm™, the C=0, C=C, and C=H deformation modes and
stretching vibrations in which the motions of the C-5 and C-6 atoms are at 895 cm™ [19-21,

40, 41].

The bending mode of OH- groups was found at around 1640 cm™. The band at 600 cm™ is

caused by the liberation mode of the O-H vibration in the CHA/MFC spectra. The peaks at
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960-1025 cm™ and 560 to 645 cm™ could be related to asymmetric and symmetric
stretching vibrations of PO,>, respectively. The peaks at 1420 cm™ and 880 cm™ is

characteristic of the presence of CO5>" [19-21, 40, 42].

Figure 1

The components of CHA/MFC composite material, determined by energy dispersive X-ray
spectroscopy (EDX), contains O: 33.3 wt.%, Na: 19.2 wt.%, Ca: 16.1 ‘wt.%, C: 11.8 wt.% P:
11.2 wt.% and Cl: 1.3 wt.%. High concentrations of Ca and P indicate that MFC can bind to a
much larger amount of CHA than its own mass. - The results of elemental analysis also
confirm these results (Table 1). Cl, Na and N originate from the starting materials of

synthesis; urea, NaOH, CaCl, and NaH,PO,.

SEM images of MFC and CHA/MFC nanocomposites are shown in Fig. 2a and b. Most of MFC
fibers are 50-100 um in diameter, however, the morphology of CHA/MFC has lost the
fibrous structure and presents the irregular flakes (Fig. 2b). Furthermore, it is observed that
the CHA nanocrystallites is homogeneously dispersed in the cellulose matrix. Due to the
variety of hydroxyl groups of cellulose and CHA, hydrogen bonds can be formed between
the'cellulose and CHA, which make the combination of these two components perfect.

Figure2aandb

Table 1.

3.2 Effect of pH
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As can be seen in Fig. 3, sulfate from both sources loadings in CHA/MFC were increased as
the solution pH increased until 7. The solution pH can significantly affect the surface charge.
Highest adsorption of negatively-charged sulfates on CHA/MFC at a pH 6.5-7 are observed in
Fig. 3. The zeta potential was negative (-18.5 + 1.5 mV) at these pH level, which indicates the
negative surface charge. CHA/MFC surface becomes negative due to neutral = CaOH® in
alkaline solutions and negatively charged = PO, species (“=" is the surface) [19-21, 42].
There are also carboxyl and hydroxyl groups on the surface of MFC. In alkaline conditions,
these groups are deprotonated and therefore, exhibit a negative character. The isoelectric
point of CHA/MFC was found to be at pH 2.80 and below this, the surface charge was
positive. The attractive forces between positively charged surface and negatively charged
sulfate ions may enhanced the adsorption of sulfate onto the surface of CHA in the acidic
conditions. As can be seen in Figure 3, sulfate concentration of the solution had no effect on

the adsorption in the pH range of 2-9; the best sulfate removal was found at pH 7.

As the Fig. 3 shows, the final pH was alkaline (pH 6.8-7) regardless of the initial pH range 2—
8. This outcame was explained by the CHA/MFC has the neutralization and buffering
properties. CHA has the buffering characteristics due to the acid-base reactions of the
reactive surface sites. The surface properties of CHA in aqueous solutions caused the

reactions below [19-21, 42]:

= PO~ + H* &= HPO (25)

= CaOHS &= CaOH + H* (26)
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The protonation of surface = PO" and =CaOH groups caused the increase of final pH during
the alkaline initial pH-values. In the acidic conditions, the positively charged= CaOHS and
neutral =POH sites caused positively charge of the surface. In the alkaline pH conditions,
decreasing of the final pH caused the deprotonation of surface= CaOH; and =POH sites.
Under the circumstance, the surface of CHA/MFC becomes negative due to neutral =CaOH
in alkaline solutions and negatively charged =PO species predominate in alkaline conditions

[19-21, 42]. Figure 3

3.3 Effect of contact time

Adsorption is a physicochemical process that involves the mass transfer of adsorbate from
the liquid phase to the adsorbent surface. A study of kinetics of adsorption is desirable as it
provides information about the mechanism of adsorption, which is important to evaluate
the efficiency of the process. Adsorption of sulfates from Na,SO4 and SLS on CHA/MFC was
conducted as a function of time and the results are shown in Figure 4. The adsorption rate
of sulfate sulfates from Na,SO,4 and SLS was rapid: adsorption equilibrium achieved within
the first 10 min for 120 mf L solution. In case of 250 mg L™ solutions the rate was even
faster for both Na,SO4 and SLS solutions (Fig. 4). The experimental data of adsorption of
sulfate and surfactant on cellulose particles have been analyzed by two different models viz.

Lagergren’s pseudo-first-order equation and pseudo-second-order equation.

As can be seen in Table 2, the R® value of the pseudo-first-order model was found to be

lower than pseudo-second-order model for sulfate from both solutions. In case of SLS only,
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minor differences between models are noticed for 120 ppm solutions. Based on these
results, it is clear that the adsorption of sulfate of SLS on CHA/MFC did not follow the
pseudo-first-order kinetic model for strong sulfate solutions (250 ppm). In case of Na,SO4
neither of the models does not describe absorption kinetics satisfactorily, but the same
trend is seen in the case of SLS; the fit is better for 120 ppm sulfate solutions. Based on the
obtained correlation coefficients, pseudo-second-order fits better for sulfate adsorption
than pseudo-first-order for modeling the adsorption kinetic of sulfate on'CHA/MFC and the
both models give better results in weaker solutions and slower adsorption rates. It is
suggested that the chemical sorption is as the rate-limiting step of the adsorption

mechanism and no involvement of a mass transfer in solution [27, 40].

Figure 4.

Table 2.

3.4 Adsorption isotherms

The equilibrium-adsorption isotherms for the adsorption of SLS and Na,SO4 on the CHA/MFC
at 25 ‘C.and pH 6 were investigated. Table 3, Table 4 and Figure 5 present the results of
modeling the experimental adsorption data of sulfur ions through nonlinear regression
analysis for the four adsorption isotherms: Langmuir, Freundlich, Sips, Redlich—Peterson and

Toth.

For SLS, the R? values (or SSE error) of the isotherm plots indicate that the isotherm data fits

to the models in the order Sips > Redlich-Peterson > Langmuir > Toth > Freundlich. The R®
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values for different error functions and isotherm models are presented in Table 5. Albeit the
adsorption capacity of sulfates on CHA/MFC were relatively high (ge=34.52 mg g, Om,
sips=26.4 mg g™ for SSE) (Table 6) the fitting results were poor for all error functions (Table 3
and 6). The reason of the poor fitting results of SLS may be the unequal adsorption on the
surface of CHA/MFC due to the foaming property of surfactants like SLS. The electrostatic
interactions play an important role in the adsorption of surfactant, like anionic SLS, at the
solid—liquid interface. The surface of CHA/MFC are negatively charged under the occurring
conditions. The anionic SLS will experience a repulsive electrostatic interaction with the

negatively charged which can explain the unequal adsorption and poor fitting results.

If using the usual choice of error function, SSE, or R? values, the experimental data of Na,SO,4
yielded fit in the following order: Toth > Redlich—Peterson > Sips > Freundlich > Langmuir.
Toth isotherm was able to describe the adsorption equilibrium data a bit better than the
other, but the differences were small between different models. It can be assumed that
Toth isotherm fitted better than the others probably due to the heterogeneous distribution
of the available active sites onto surface of CHA/MFC. This approach is also supported by

Sips model.

The Sips isotherm constant, n, can be used as an estimation of the heterogeneity of the
adsorption system, as this isotherm is a combination of Langmuir and Freundlich isotherms.
When n equals unity, the Sips isotherm returns to the Langmuir isotherm and predicts
homogeneous adsorption. On the other hand, deviation of n value from the unity indicates
heterogeneous surface. As shown in Table 3, the Sips isotherm constant deviated of the

unity with sulfates of SLS in the all cases of error functions. On the other hand, the g, values
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of Na,SO, (Table 4) as well as Figure 5 b indicates that the Langmuir model fits better with

experimental data, which represents homogeneous adsorption in case of Na,SO,.

The Freundlich parameters are detailed in Tables 3 and 4. Values n>1 indicate positive
cooperativity in binding of sulfate and a heterogeneous nature of adsorption. As the tables 4
6 and 7 shows, the value of n is dependent on the used error function. In case of SLS value
of n varied on both sides of unity, but in the case of Na,SO4; value n >1 with all error
functions. The adsorption of SLS appear as lower energy adsorption processes than the
adsorption of Na,SO4. In addition, the higher n values are associated with lower kg values

and a better fitting of the model with the experimental values.

In fact, the CHA/MFC presents a heterogeneous surface: adsorption properties are mainly
because of the functional groups Ca**, PO3~, and OH", denoted =Ca**, =P03~, and =OH".
The groups above are participated in the surface reactions [19-21, 42]. Depending on the

solution conditions, some different sites can be formed on the CHA surface [19, 20, 42]:

=0H + H' &= 0H, (28)
=P0O;” + Ht* = HPO; (29)
= HPO; + H* o= H,PO, (30)
= Ca*t + OH™ &= CaOH (31)
= PO}~ + Ca®?* &= PO,Ca (32)

= HPO; + Ca** &= HPO,Cat  (33)
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Adsorption capacities of various adsorbents towards sulfates as reported in literature are
presented in Table 5. A comparison between this work and other reported data from the

literature shows that CHA/MFC is a potential adsorbent for sulfates removal.

Figure 5.
Table 3.

Table 5.

3.5 Analysis of error functions

There isn’t any single measure to indisputably judge whether a model is good or not.
Indeed, concept of goodness itself is hard or impossible to define uniquely, especially if
considered various types of models. For example, if a simple model is replaced by a far more
complicated model, which seems to give more accurate results when modeled values are
compared to observations, is the new model certainly better? Answer to the question
depends on the nature of the modeled phenomenon (models used should have some kind
of theoretical justification), the properties of the models in comparison, the coverage and
the quality of the observations available, and finally the purpose of the model, e.g. whether

the'model is to be used for extrapolation outside the range of observations or not.

3.5.1 Analysis of SLS modeling
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When SLS data was modelled with the isotherm models, Sips model appeared to be the best
one if the model error used in optimization was SSE, X2, X2,4or HYBRID. When using
MPSD, Freudlich appeared to be the best model, and Redlich—Peterson was the best when

using ARE (Table 6).

It’s worth observing that Langmuir can be considered as a special case of Sips:if ng =1,
then Sips is reduced to Langmuir. Therefore, if optimal values for all parameters are found,
Langmuir can be better than Sips only when using error functions-considering degree of
freedom, and thereby favoring simpler models. In this case, however, Sips was better than

Langmuir also when using Xfed and HYBRID, both considering the degree of freedom.

In the case of MPSD Langmuir was slightly better than Sips (Freundlich being the best one)
but had very unrealistic value for the parameter indicating the maximum capacity. Optimal
values for both parameters q,, and a were huge, practically leading to simple linear model.
This is because with very large values of a the expression of the Langmuir model can be

approximated as

_ mC” gmC™
a+C," a

qe = kCenSr
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where k = qu is a constant, thus it’s linear model, and only ratio of parameters matters.

When the parameters of Langmuir model with SLS data were optimized using MPSD as

error function, Excel’s Solver produced large values q,, =~ 2.102 - 10° and a ~ 2.923 - 1010,
when k = q;’" ~ 0.072. The value of MPSD error was 19.89. Now, if value of a is dropped to

remarkably smaller (but still large) 1.00 - 10°, and setting q,, = ka = 7.19 - 10%, it can be
seen that the value of MPSD error remains unchanged with accuracy of two decimal places.
In this kind of unstable situation there are basically infinitely many different ‘optimal
parameter combinations, all of them probably unrealistic from practical point of view. A
somewhat similar phenomenon was observed with Toth model when HYBRID was used:
there were several parameter combinations producing practically equal total error. Possibly
the strange and unrealistic behavior of certain models with certain error functions can be
explained by irregularities in the experimental SLS values. Anything similar was not observed

with Na,SO4 modeling.

Models were compared also-using the coefficient of determination defined as

Z?=1 (xi,calc - xi,meas) 2

R?=1-— —
:l=1(xi,meas - x)z

(34)

where X is'the average of the measured values. Not surprisingly, the best results in the light
of the coefficient of determination (R2 being closest to 1) were obtained when SSE was
used as criteria. This happened with all isotherm models, and Sips had R? closest to 1 (the
fact that Sips was the best one when using SSE can be seen also in Table 6). The result can

be easily explained by definitions of R* and SSE:

R?=1 ik (35)
Z?=1(xi,meas - JZ)2
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Obviously R? obtains it's maximum when SSE is minimized, and therefore R? can’t be
considered as fair and unbiased criteria when trying to choose the best measure for
isotherm model error. On the other hand, use of ARE led to worst R* values. This result was

well expected too, since ARE is based on absolute errors instead of squared errors.

An interesting question is, which has greater effect on modeling results: the choice of error
criteria, or the choice of isotherm model? This question was analyzed by calculating the
ranges of modeled values, corresponding each experimental value, both in respect to choice
of error measure and on the other hand in respect to choice of isotherm model. For
example, when Langmuir model was used, the modeled value corresponding the highest
concentration, C, = 310.2 mg L™ and experimental adsorption capacity qe. = 34.52 mg gt
was variating between 16.69 (mg g, the result when ARE was used) and 32.04 (the result
when X2 or X2,4 was used), thus the magnitude of variation was 32.04- 16.69 = 15.35. When
considering each data point, the average variation was between 9.08 and 15.55, depending
on isotherm model. On the other hand, when the ranges were calculated from results
obtained with different models, again taking the difference between the maximum and the
minimum, the range of average variations was between 2.91 and 5.88, depending on the
error measure used. As a conclusion, it seems that choice of error measure had greater

effect on the results than choice of model.

It's also worth observing that in general absolute errors of the models (absolute values of
the differences between the experimental and the modeled values) were greater than the

absolute difference between the models (comparison was done only using values based on
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parameters optimized with SSE error function). However, SIPS isotherm seemed to be an
exception: it was differing from the other models more than from the experimental values.
This is not a surprise considering the fact that Sips was judged as the best model with all
error functions except MPSD and ARE.

Table 6

Figure 6

3.5.2 Analysis of Na,SO, modeling

Generally, the models fitted the data better in the case of Na,SO4 than in the case of SLS.
Now Toth model was the best one if any of error functions SSE, ARE and X2, not
considering model complexity, was used. If using Xfed, HYBRID or MPSD, the simpler

Freundlich model was judged as the best, Toth being punished of its increased number of

parameters (7).

The variation of modelled values was remarkably smaller than with SLS, when different
isotherm models and different error functions were used. Differently than with SLS, choice
of error function -and choice of model seemed to have effect of somewhat similar
magnitude on the modeling results. The last result was similar but more distinct than with

SLS: absolute errors of models were greater than differences between the models.

In the light of the results it seems that in the case of Na,SO;, it’s not very crucial whatever of
the commonly used isotherm models is chosen. It’s also worth mentioning that choice of

model should not be done solely based on the accuracy of the model (measured by any
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error function) in respect to the experimental values: it depends also on purpose of the

modeling which model is the most appropriate to use.

Table 7.

Figure 6.

3.6 Multi-component system adsorption

The efficiency of the adsorbent in the removal of sulfates in the treatment of real
wastewater like industrial or urban wastewaters is affected by the selectivity between
various common chemical species. The adsorption  in multi-component systems is
complicated because ion—ion competition and-ion—surface interactions are involved. The
understanding of multi-component systems: has proven to be intricate and it may be a result
of one or all of the following parameters: ionic radius, electronegativity, the pH of the

system, and the availability of the active sites on the adsorbent [43].

The effect of 'some anions namely, NO3", H,PO; and NH4Cl on CHA/MFC was studied in
multi-component system in the same experimental conditions of single-component systems.
Selected ionsare competed for the same adsorption sites with sulfates on the surface of
CHA/MEFC. The results show that the presence of other anions have no significant effect on
anions adsorption capacity. The adsorption capacity for Na,SO, was reduced to 13%, and for
SLS, adsorption capacity remained the same (Figure 7). This result can be explained by the

specificity of CHA/MFC particles — anion interactions and there are also enough adsorption
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sites for all anions on the surface of CHA/MFC due to minor competition between the ions

occurred.

Figure 7

4. Conclusions

The adsorption of sulfates Na,SO4 of and SLS onto CHA/MFC from aqueous solutions was
studied using CHA-MFC. Effect of the error function for the four adsorption isotherms:
Langmuir, Freundlich, Sips, Redlich—Peterson and Toth was also studied. The results indicate
that removal efficiency of Na,SO4 and SLS by CHA/MFC is dependent on solution pH, initial
sulfate concentration, adsorbent mass and contact time. Results show that the Sips
isotherm fit well with the equilibrium of adsorption on CHA/MFC surface. Maximum
adsorption capacities were found to be 34.53 mg g for sulfates of SLS and 7.35 mg g for
sulfates of Na,SO4. The pseudo-second order kinetics model fits better than pseudo-first
order model for sulfate adsorption of Na,SO,4. There were only minor differences between
these two kinetic models in case of SLS. Based on the study of the effect of error function, it
can be concluded that the using the various error functions is not always meaningful due to
several error functions are very similar, and lead to approximately equal parameter values.
However; the use of different error functions supports the knowledge that they give
information about how sensitive the model parameters are for the criteria used to
determine parameters, which is useful information when estimating the reliability of

models.
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Fig. 1. FTIR-spectra of unmodified (a) and CHA modified MFC (b).
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Fig. 2. SEM pictures of MFC (a) and CHA modifed MFC(b)-
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Figure 4. Effects of contact time on NaSO,4 and SLS adsorption by CHA/MFC for solution
concentrations of 120 ppm and 250 ppm. EXP= experimental data; PS1=pseudo-first order

model; PS2=pseudo-second order model.
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Fig. 5. Different isotherm models fitting for the adsorption of SLS and Na,SO4on CHA/MFC.
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Figure 6. The effect of the error function on the Langmuir isotherm for a) SLS b) Na,SO,
adsorption by CHA/MFC. Dose: 16 g/L, pH: 5, SO4 concentration: 0.9-15 mM.
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Figure 7. The effect of NO3, H,PO4 and NH4Cl on adsorption of SLS and Na,SQ4. Single-
component system = SLS/Na,SO; solution; multi-component-system= NOs~, H,PO4, NH,4CI
and SLS/Na,S0, in the same solution. Dose: 16 g L™, pH: 7, concentration: 200 mg L™.
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Table 1. The elemental analysis results of unmodified and modified MFC.

Percentage of dry weight (%)

Unmodified MFC
2.50 mg

C H )
32.0 5.0 55.0

Percentage of dry weight (%)

CHA/MFC N
2.46 mg

1.5

C H )

11.0 1.5 22.0
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Ca, Na, P and
Cl
(calculated)

64.0



Table 2. Kinetics parameters for the adsorption of sulfates from Na,SO; and SLS on

CHA/MFC.
Model Parameter Adsorbate
S04/(Na;SO4) SO,4/(SLS)

Oe,exp (ME/8) 7.03 22.40

Pseudo-second-order k, (g/mg min) 0.07 0.10
Qe,callMg/8) 7.25 22.70
h (mg/g min) 3.24 51.21
R 0.87 0.96

Pseudo-first-order k1 (g/mg min) 0.29 1.13
Qe,cal(Mg/8) 6.73 22.05
h (mg/g min) 13.46 550.40
R 0.76 0.95
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Table 3. Optimal parameter values, when different error functions were used for sulfate

ions of SLS.

SLS (qexp. = 34.5 mg/g)

Langmuir Sips Freundlich  Toth R-P
SSE qm=61.3 am=26.4 k=0.467 Kr=18.4 A=0.163
a=328.0 a=5.49*10" n=1.37 a=251.3 B=3.35*10"
n=6.95 t=1.21 >
g=1.74
ARE Om= * Om=2.54 k=0.811 Kr=0.0692  A=0.183
ek a=25.4 n=2.63 a=928.32  B=2.27
n=0.987 t=31.8 g=0
X2 [ X244 am=76.4 am=31.6 k=0.311 Kr=278 A=0.161
a=430 a=87400 n=1.22 a=511 B=1.60*10"
n=2.47 t=0.848 °
g=1.84
HYBRID = am=24.3 k=0.0670  K;=0.103  A=0.186
= a=2.38*10"° n=0.934 a,=4040 B=0.937
n=8.32 t=122 g=0
MPSD =t am=62.3 k=0.0270  K;=0.069  A=0.231
2= a=5270 n=0.819 a=22200  B=2.35
n=1.45 t=4190 g=0

* Not rational result
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Table 4. Optimal parameter values, when different error functions were used sulfate ions of

Na,SO,.

Na2504 (qe,exp. = 7.34 mg/g)

Langmuir Sips Freundlich  Toth R-P
SSE Om=6.67 gm=9.89 k=2.11 Kr=2.94 A=1.33
a=12.5 a=5.77 n=4.91 ar=3.54 B=0.445
n=0.435 t=1.17 g=0.856
ARE gm=6.65 gm=55.2 k=1.48 Kr=1.72 A=1.43
a=13.4 a=34.3 n=3.85 ar=1.08 B=0.656
n=0.266 t=1.31 g=0.807
X% /X34 am=6.69 qm=8.98 k=2.09 K:=3.31 A=1.03
a=11.8 a=5.54 n=4.84 ar=4.59 B=0.294
n=0.487 t=1.14 g=0.884
HYBRID Ogm=6.52 dm=10.6 k=1.92 Kr=2.76 A=1.24
a=12.0 a=6.36 n=4.56 ar=3.45 B=0.426
n=0.413 t=1.18 g=0.853
MPSD gm=6.36 dm=10.6 k=1.78 Kr=2.72 A=1.13
a=11.6 a=6.72 n=4.30 ar=3.73 B=0.392
n=0.422 t=1.18 g=0.853
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Table 5. A comparison between this work and other reported data from the literature for

removal of sulfate from water.

Adsorbent Adsorbate Omax (Mg/g)

Raw rice straw S0, 11.68 [16]
(Langmuir)

Rice straw- Anion S0, 74.76 [16]

Exchanger (Langmuir)

Sand surface surfactants 1.03 [43]
(Langmuir)

Sugarcane bagasse cellulose  with SO,? 32.06 [44]

zirconium oxychloride

Cationic cellulose nanofibers S0, 57.62 [45]

CHA/MFC S0,%(Na,S04)  9.89 This study
(Sips)

CHA/MFC S0, (SLS) 26.40 This study
(Sips)
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Table 6. R*value for isotherm modes using different error functions in case of SLS.

Error
function Langmuir Sips Freudlich Toth R-P
SSE
0.7379  0.8468  0.7149 0.7368  0.7477
ARE
0.0269 -1.3821 -0.6669 0.0643 0.0720
XZ
0.7290 0.7981  0.6899 0.7316  0.7435
X2
red 0.7290 0.7981  0.6899 0.7316  0.7435
HYBRID
0.82110 0.84348 0.81488 0.82116 0.82115
MPSD

0.3817 0.5707 0.5206 0.3324 0.3324
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Table 7. R*value for isotherm modes using different error functions in case of Na;SO,.

Error
function Langmuir Sips Freudlich Toth R-P
SSE 0.7515 0.7984  0.7856 0.7998  0.7992
ARE
0.7487 0.7258  0.6936 0.7181 0.7326
XZ
0.7497  0.7966  0.7845 0.7980 0.7974
XI%ed
0.7497  0.7966  0.7845 0.7980 0.7974
HYBRID
0.7462  0.7949  0.7797 0.7966  0.7961
MPSD

0.7291 0.7866  0.7666 0.7889  0.7883
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Values of error functions with different isotherm models for sulfates of SLS after the

parameters were optimized to the values represented in Table 3.

Error Langmuir Sips Freundlich Toth R-P
function
SSE 268.6 157.1 292.2 269.8 258.6
ARE 35.85 66.65 65.98 35.01 34.87
X? 18.29 11.32 20.36 18.23 17.08
G 3.049 2.263 3.394 3.646 3.415
HYBRID 334.0 173.0 328.6 400.8 400.7
MPSD 19.89 20.58 17.47 23.76 23.76

Magnitude of variation of data values for sulfates of SLS, when different error functions
were used. The values are differences between the maximum and the minimum. For
example, if considering Langmuir isotherm model and concentration 310.20 mg/L, use of
error function ARE led to modeled adsorption capacity 16.69, and X? error produced value

32.04, the difference being 15.35. .

Ce Langmuir Sips Freundlich Toth R-P
19.14 2.35 1.07 3.04 2.31 2.03
38.58 4.38 2.68 4.39 4.28 4.00
77.13 7.53 8.85 6.93 7.39 7.51
104.16 9.30 15.53 9.36 9.18 9.61
138.96 11.20 22.51 12.57 11.00 11.76
117.66 10.10 19.51 10.61 9.94 10.52
276.00 15.04 26.84 24.51 14.40 13.96

310.20 15.35 27.39 27.35 14.57 13.21
average 9.40 15.55 12.34 9.13 9.08
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Magnitude of variation of data values in SLS modeling, obtained with different isotherm
models, separately for each error measure. For example, when the concentration was 38.58
mg/L and SSE error was used, the SIPS isotherm produced the smallest modeled value 0.05,

whereas Freundlich isotherm gave the highest one 6.73, the difference between them being

6.68.
Ce SSE ARE chi-square red. chi-square HYBRID MPSD
19.14 4.03 0.04 2.99 2.99 1.84 0.52
38.58 6.68 1.75 3.64 3.64 3.69 0.46
77.13 6.68 2.42 1.08 1.08 3.15 0.63
104.16 3.49 3.79 2.30 2.30 7.88 1.57
138.96 7.49 5.62 3.85 3.85 10.35 2.83
117.66 6.39 4.50 3.16 3.16 10.33 2.06
276.00 1.96 13.08 2.22 2.22 3.09 6.80
310.20 4.47 14.96 4.80 4.80 6.74 8.40
average 5.15 5.77 3.00 3.00 5.88 2.91

Absolute errors of each model for each’ experimental concentration for SLS. The averages on

the last line. The fitting criteria used was SSE.

Ce Langmuir Sips Freundlich Toth R-P
19.14 2.31 1.07 2.97 2.31 2.03
38.58 4.39 2.01 4.67 4.36 4.09
77.13 7.45 0.87 6.93 7.36 7.55
104.16 1.70 0.90 2.59 1.83 1.22
138.96 1.59 4.79 2.70 1.76 0.72
117.66 9.71 4.33 10.72 9.87 9.06

276.00 8.16 6.47 8.43 8.11 8.19
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Absolute differences between the models corresponding each experimental values for

sulfates of SLS, and the averages on the last line. The fitting criteria was SSE.

Lan.- Lan.- Sips- Sips-  Sips-R-  Freu.-  Freu-R- Toth-R-
Ce Lan.-Sips  Freu. Toth  Lan.-R-P  Freu Toth P Toth P P
19.14 3.38 0.65 0.01 0.29 4.03 3.38 3.09 0.66 0.94 0.28
38.58 6.40 0.27 0.03 0.30 6.68 6.37 6.10 0.30 0.57 0.27
77.13 6.58 0.52 0.10 0.10 6.06 6.48 6.68 0.43 0.62 0.19
104.16 2.60 0.89 0.14 0.48 3.49 2.74 2.12 0.75 1.37 0.62
138.96 6.39 1.11 0.17 0.87 7.49 6.56 5.51 0.94 1.98 1.04
117.66 5.39 1.01 0.15 0.65 6.39 5.54 4.73 0.86 1.66 0.80
276.00 1.69 0.27 0.05 0.03 1.96 1.64 1.72 0.32 0.24 0.08
310.20 3.47 1.01 0.04 0.74 4.47 3.50 2.73 0.97 1.74 0.77
average 4.49 0.72 0.08 0.43 5.07 4.53 4.09 0.65 1.14 0.51

Values of error functions with different isotherm _models for sulfates of Na,SO, after the

parameters were optimized to the values represented in Table 4.

Langmuir SIPS Freundlich Toth R-P
SSE 4510 3.657 3.891 3.632 3.644
ARE 11.08 9.105 9.348 8.705 8.732
X2 0.7954 0.7107 0.7667 0.6897 0.6935
Xfed 01326 0.1421 0.1278 0.1379 0.1387
HYBRID 13.79 13.22 11.64 12.86 12.94
MPSD 6.529 7.103 6.091 6.921 6.958
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Magnitude of variation of data values for sulfates of Na,SO,4 obtained with different error
measures for each isotherm model (differences between the maximum and the minimum of

the values obtained with different error functions).

Ce Langmuir Sips Freundlich Toth R-P
8.60 0.22 0.33 0.68 0.40 0.41
14.90 0.24 0.48 0.67 0.61 0.54
69.30 0.27 0.70 0.56 0.74 0.63
123.30 0.29 0.61 0.48 0.60 0.53
153.00 0.30 0.53 0.43 0.51 0.47
216.00 0.31 0.39 0.36 0.36 0.37
267.00 0.31 0.25 0.30 0.23 0.28

456.00 0.32 0.18 0.13 0.19 0.14
average 0.28 0.43 0.45 0.45 0.42

Magnitude of variation of data values for Na,SO, obtained with different isotherm models
for each error measure (differences between the maximum and the minimum obtained with

different isotherm models).

red. chi-

Ce SSE ARE chi-square  square HYBRID MPSD
8.60 0.56 0.13 0.44 0.44 0.35 0.22
14.90 0.11 0.50 0.12 0.12 0.17 0.25
69.30 0.65 1.11 0.70 0.70 0.70 0.69

123.30 0.45 0.83 0.47 0.47 0.44 0.40
153.00 0.29 0.63 0.30 0.30 0.26 0.19
216.00 0.05 0.30 0.06 0.06 0.09 0.16
267.00 0.21 0.06 0.22 0.22 0.29 0.41
456.00 0.85 0.82 0.89 0.89 0.99 1.17
average 0.39 0.55 0.40 0.40 0.41 0.44

Absolute ‘errors of each model for each experimental concentration (Na,SO4), and the

average differences on the list line. The fitting criteria used was SSE
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Ce Langmuir Sips Freudlich Toth R-P

8.60 0.12 0.44 0.68 0.40 0.41
14.90 0.67 0.74 0.63 0.67 0.68
69.30 1.08 0.59 0.43 0.63 0.62
120.00 1.13 0.83 0.68 0.82 0.82
153.00 1.18 1.34 1.47 1.37 1.36
210.00 0.13 0.10 0.15 0.13 0.12
267.00 0.05 0.23 0.26 0.21 0.23
456.00 0.47 0.09 0.38 0.13 0.17
Average 0.60 0.55 0.58 0.54 0.55

Absolute differences between the models corresponding each experimental values and the

average differences on the last line for Na,SO,.

Lang.- Lang.- lang.- Lang.- Sips- Sips- Sips- Freu.- Freu- Toth-
Ce Sips  Freu. Toth R-P Freu Toth R-P Toth R-P R-P

8.60 031 056 027 029 024 004 0.02 0.28 0.27 0.02
14.90 007 003 000 002 011 0.07 0.06 0.04 0.05 0.01
69.30 048 065 044 046 0.16 0.04 0.02 0.20 0.19 0.01
120.00 029 045 030 030 0.16 0.01 o0.00 o0.14 0.14 0.00
153.00 017 0.29 019 018 0.12 0.03 0.02 o0.10 0.10 0.01
210.00 002 003 001 001 005 003 0.02 0.02 0.04 0.02
267.00 018 0.21 0.16 0.18 0.03 0.02 0.00 0.05 0.03 0.02
456.00 056 085 060 063 029 0.04 0.08 0.25 0.22 0.04

Average 0.26 038 0.25 0.26 0.15 0.04 0.03 0.14 0.13 0.02
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