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Abstract—An experimental breakthrough curve for Salicylic acid in an adsorption recovery process was deter-
mined by an anion-exchange resin IRA-93. The volumetric mass transfer coefficients were calculated by employing
constant wave propagation theory. Meanwhile, the effects of volumetric feed flow rates on this break through curve
and mass transfer coefficients at different flow rates were also studied in order to develop three new models to predict
mass transfer coefficient. The results demonstrated that by the increase in the feed flow rates, the amount of adsorption
reduces. However, while the volumetric feed flow rates increase the overall volumetric mass transfer coefficients will
increase. This grows the feeling that the feed flow rate should be optimized. The optimum flow rate for the adsorption
was found to be 7 mg// in this study. In addition, three new models to predict the mass transfer coefficient in respect
of feed rates were developed in this research work which showed very high fittings with R>>0.99. These models could

fully support the experimental data obtained.
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INTRODUCTION

Phenols are probably the most extensively studied compounds
in the field of wastewater treatment, as they are persistent pollut-
ants with high toxicity that are released in the wastewater of a con-
siderable number of industries [1-3]. Different techniques are used
for the removal of phenolic compounds from wastewater [3,4]. Ad-
sorption of phenolic compounds on different polymeric adsorbents
has been studied by various researchers [5-9]. Salicylic acid is a drug
compound which is usually produced from phenol [10]. Applica-
tions of salicylic acid are such as cosmetics, wart-removing medi-
cines, to externally treat fungus infections, as an acne topic treat-
ment and to increase the cell turnover as a component of skin creams.
This compound is also employed as food preservative besides its
usage in plant protection against insects and pathogens. Thus, this
compound is present as a main pollutant of wastewaters produced
by different industries. Salicylic acid has also been found to be avail-
able in the wastewater from households, schools, hotels, business
complexes so-called as gray wastewater, as well as some types of
industries where no contributions from toilets, bidets or heavily pol-
luted process water are included [11,12].

To properly design and operate fix-bed adsorption processes, the
fix-bed dynamics must be well known. These dynamics are the pollut-
ant breakthrough curves which should be fully recognized. Although
a variety of models are available to predict the fixed-bed dynamics,
the non-linear wave propagation theory provides a simple method
to estimate the column breakthrough times for any types of adsorp-
tion isotherms. Due to some assumptions, infinite mass-transfer rate
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and local equilibrium, of the non-linear wave propagation theory
cannot always be applicable for fixed-bed operations. Thus, a con-
stant pattern wave approach has been proposed to predict the break-
through curves of fixed-bed adsorption processes using either Lang-
muir or Freundlich adsorption isotherms. The constant-pattern wave
approach was adopted in order to model the breakthrough curves
of fixed-bed processes for removing organic pollutants such as phe-
nols, p-nitrophenol and acid dye.

This research work focuses on the adsorption of salicylic acid
onto IRA-93 as an anion-exchange resin to investigate the effects
of feed flow rate on breakthrough curves and the calculation of mass
transfer coefficient by employing the constant wave propagation
theory and the effect of flow rates on these coefficients. Meanwhile,
three new models with EViews software were developed to predict
the effect of feed rate on mass transfer coefficient.

1. Theory

To properly evaluate the fix-bed adsorption process, the break-
through curves should be determined experimentally or by mathe-
matical models. Recently, various mass-transfer models have been
found for prediction of the fixed bed dynamics [13-18], among which
the mathematical model based on non-linear wave propagation the-
ory has been used widely [18].

In the language of wave propagation theory, [19] the introduc-
tion of the feed generates a self-sharpening wave. Because of the
finite mass-transfer rate, the self sharpening wave will eventually
evolve into a constant pattern traveling at a constant velocity, u.. In
the constant-pattern wave, the ratio of the pollutant concentrations
in the stationary and mobile phases is constant [16]:
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Where C;. is the feed pollutant concentration in the mobile phase
and ¢ is its associated equilibrium concentration in the stationary
phase. The adsorption rate of the pollutant can be described by the
linear driving force model in terms of the overall liquid-phase mass-
transfer coefficient [16]:

pﬂ_ e
5 1=Kua(C-C) ©)

Where C" is the mobile-phase concentration in equilibrium with
the stationary-phase concentration g, and a, is the mass-transfer area
per unit volume of the bed, while, K, stands for the overall liquid-
phase mass-transfer coefficient. The volumetric mass-transfer coef-
ficient in the liquid phase is demonstrated by K, a.

Also in the constant-pattern wave, the mobile-phase concentra-
tion can be expressed as a unique function of the adjusted time de-
fined as 7=t—z/uC. The adsorption rate expressed in terms of the
adjusted time is:

pﬂ_ e
= =Ka(C-C) Q)

When q is substituted with qFC/CF in Eq. (4) and the general ad-
sorption isotherm model of power-law type is used, q=kC" leads to
the Eq. (5) which can be used to predict the breakthrough curve:

n—1

PkCp

t=tos+
03 K,a

X 1
] ®
Where;

X is the dimensionless effluent concentration, X=C/C, and ts,
the half-time for X=0.5.

In Eq. (5) the parameter t,; can be directly read from the experi-
mental data and the parameter K,a can be determined from the tan-

gent slope of the x versus t curve at X=0.5.

dX K,a 1/n
&) 28 xox 6
(& ) X ©)
MATERIAL AND METHODS

1. Experimental

Experiments were carried out in both batch and column tests.
The adsorption isotherms of Salicylic acid onto IRA-93 at various
initial concentrations were experimentally determined by batch tests.
Series of column tests were performed to determine the breakthrough
curves behavior at four different flow rates on IRA-93 and investi-
gating the volumetric mass transfer coefficient as well.
2. Chemicals and Adsorbents

Salicylic acid (C,H,O;) was purchased from Sigma-Aldrich (Spain).
The desired concentrations of the solutions were prepared by using
degassed and distilled water. The experiments were performed by
using Amberlite IRA-93 as a weak-basic anionic resin. Table 1 sum-
marizes the data supplied by the manufacturers on the physical char-
acteristics of the resin studied.
3. Adsorbent Preparation

IRA-93 was based on polystyrene cross-linked with 10% divi-
nyl benzene supplied by Aldrich. The resin was attained in CI” form.
In the experiments, the CI” form resin was converted into OH™ using
100 cm’® of 1M NaOH solution for 10 cm® of resin. The moistur-

Table 1. Characteristics of IRA-93 as the adsorbent employed
Adsorbent IRA-93

Description Gel type I weak base anion exchange
resin.

Polymer structure Cross-linked polystyrene, macro porous

Appearance Semi-transparent spherical beads

Functional group -N(CH,),"H,0

Tonic form as shipped Free base
Mesh size (US Std.) 16-50
Total exchange capacity, 1.4 meq/mL

form, wet, volumetric CI”

ized adsorbents were stored in sealed flasks to avoid drying.
4. Batch Adsorption Studies

Adsorption equilibrium experiments were done by contacting
the corresponding amount of adsorbent with 40 mL of salicylic acid
in a 100 mL Erlenmeyer flask. To determine the adsorption iso-
therms parameters, the initial concentrations of salicylic acid solu-
tions were varied within the range of 400 to 800 ppm with the in-
tervals of 100 at a constant weight of IRA-93. The flasks were then
placed in a shaker at 150 rpm in room temperature of 25+2 °C for
48 h to reach equilibrium. The solution was separated from the ad-
sorbent after the desired time, and the final concentration of sali-
cylic acid in solution was determined by measuring the absorbance
at 295 nm, by means of a UV-vis spectrophotometer (Jasco model
7800, Japan).
5. Fixed Bed Adsorption Experiments

Dynamic column experiments were carried out in up flow col-
umns of 0.12 mx0.01 m in dimension equipped with a peristaltic
pump (SP311-Welp) and packed up to 0.10 m with the IRA-93 Resin
as the adsorbent. These columns were fed with the corresponding
aqueous solution of salicylic acid with the concentration of 600 ppm
with the pump. The solutions prepared from pure samples were passed
through the column until the breakthrough happened. The concen-
trations of the salicylic acid in the outlet were verified at 295 nm
employing an UV-vis spectrophotometer Jasco (model 7800, Japan).
The temperature of the feed was maintained at 25 °C. Fixed bed
adsorption was studied at four different feed flow rates of 5.5 to
10 ml/min with the intervals of 1.5.

RESULTS AND DISCUSSION

1. Isotherms and Batch Adsorption Studies

The amount of salicylic acid or phenol adsorbed onto the adsor-
bent, g, (mg g™'), was calculated by a mass balance relationship pres-
ented in Eq. (7).

0.=(C-Co; ™

Where C, (mg//) and C, (mg/]) are the initial and equilibrium liquid-
phase concentrations, respectively. V (L) stands for the volume of
the solution while, W (g) corresponds the dry weight of the resin.
The adsorption isotherms of salicylic acid with varying in the
concentration of the solution at 25 °C were measured and the ex-
perimental data were fitted with two isotherm models. The Lang-
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Table 2. The parameters of Freundlich and Langmuir isotherm

models

Model Equation Parameter At25°C
Freundlich  (8) q=kc” k 161.053
n 0.41

R’ 0.976

Adjusted-R’ 0.968

Langmuir © . _Ka.c b 386.438
1+Kc qn 28.573

R’ 0.994

Adjusted-R? 0.992

muir and Freundlich isotherm models were found to well fit the
experimental data. The parameters of these models were approved
by EViews software. The adsorption isotherm models, commonly
found in the literature, and their parameters are listed in Table 2.
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Fig. 1. Experimental adsorption equilibrium data (symbols), g, vs.
C.,, and fittings to Freundlich model (lines) for the adsorp-
tion of salicylic acid onto IRA-93 at different initial concen-

trations.
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Fig. 2. Experimental adsorption equilibrium data (symbols), q, vs.
C,, and fittings to Langmuir model (lines) for the adsorp-
tion of salicylic acid onto IRA-93 at different initial concen-
trations.
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The experimental adsorbed concentrations as a function of liquid
phase concentration corresponding to the salicylic acid adsorption
onto IRA-93 fitted to Freundlich and Langmuir isotherm models
are shown in Fig. | and Fig. 2, respectively. As is obvious, the Freun-
dlich and Langmuir model well describes the equilibrium of sali-
cylic acid onto the adsorbents used in this work.

Although the results obtained from the batch experiments imply
that the Langmuir isotherm model reasonably fits the data at vary-
ing solution concentrations, yet, the equilibrium mobile-phase con-
centration in the Langmuir model cannot be expressed as a func-
tion of the stationary-phase concentration explicitly. Therefore, the
Freundlich model, which also sensibly fits the isotherm data at 25 °C
and natural pH with a high coefficient of determination (R*=0.97),
was employed in Eq. (5) for prediction of the breakthrough curves
in the column tests.

2. Fixed Bed Adsorption
2-1. The Effect of Volumetric Feed Rate on the Ion-exchange Per-
formance

The effect of volumetric feed rate on the ion-exchange perfor-
mance was investigated in laminar flow regime at values of 5.5, 7,
8.5 and 10 ml/min. Total amount of salicylic acid taken up by the
resin vs. time plot shows that ion-exchange rate increased with the
increase in the feed rate as obvious in Fig. 3. The transport of the
ions to be exchanged between the bulk solution and the resin oc-
curred faster since the mass transfer coefficient improved with the
growth of feed rate. However, at feed rates higher than 7 ml/min,
due to the insufficient contact time of salicylic acid ions and resin,
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Fig. 3. Effect of feed flow rate on resin phase C=600 ppm T=25c¢
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Fig. 4. Breakthrough curves of Salicylic acid adsorption on IRA-
93 at different feed rates.
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in order to maintain at the same amount of salicylic acid in the resin
phase, a higher volume of the salicylic acid solution is needed to
be passed through the column. These results reveal that 7 ml/min
is favorable flow-rate for this ion-exchange process.

2-2. The Effect of Feed Rate on Breakthrough Curves

Fig. 4 represents the data obtained from adsorption on IRA-93
at different feed rates of 5.5, 7, 8.5, 10 ml/min and 600 ppm of initial
solution concentration. Salicylic acid effluent concentration per ini-
tial feed concentration vs. residence time yielded to s-shaped char-
acteristic curves.

Fig. 4 shows that when the volumetric feed flow rates were de-
creased from 10 to 5.5 ml/min, more favorable ion-exchange con-
ditions were achieved. Nevertheless, under high feed rate conditions,
the concentration of salicylic acid in the resin phase decreased be-
cause of the insufficient contact time of the solution and the resin.
These results were in great agreement with the results reported by
Salamatinia et al. [20] adsorbing heavy metals on oil palm frond in
a fixed-bed up flow column. Therefore, feed flow-rate should be
optimized. The effluent solution concentration reached to 5% of its
feed concentration at t,=120, 90, 40 and 14 min residence times
for 5.5, 7, 8.5, 10 ml/min, correspondingly. These points are the break-
points corresponding to each flow rate. The results indicated that
flow-rates of 7-8.5 ml/min are considered the best range for the feed
flow-rate to be adjusted at.

3. Mass Transfer Coefficients

The liquid phase and solid resin phase mass transfer coefficients
can be expressed in terms of overall external-internal mass transfer
coefficient [21,22]. The transfer coefficient from the constant-pat-
tern wave approach (Eq. (6)) was calculated by using the Freun-
dlich (Eq. (8)) isotherm model employing the experimental break-
through curves as explained previously.

To properly evaluate the fix-bed adsorption process, the break-
through curves should be determined experimentally or by mathe-
matical models. In attendance various mass-transfer models were
found for prediction of the fixed bed dynamics [23-26], among which

Table 3. Effect of feed flow rates on K, a (min™)

Resin Q (ml/min) K,a (min™")
5.5 107.67
RA.93 7 166.89
i 8.5 258.42
10 414.54

Table 4. The parameters of mass transfer coefficient models

the mathematical model based on non-linear wave propagation the-
ory was used widely as expressed in Egs. (4) to (6) [26]. The results
calculated from K,a (min ") are listed in Table 3.

However, the increase in the volumetric feed rate led to the in-
crease in the amount of K a, as expected (Table 3), due to insuffi-
cient contact time the volumetric feed rate cannot increase to achieve
higher mass transfer. Thus, 7 ml/min of flow rate was found to be
the best volumetric feed rate.

MODELING OF MASS TRANSFER COEFFICIENT

According to Table 3, it is observed that the volumetric mass trans-
fer coefficient has been varied in special form in respect to volu-
metric feed flow rate. In this section, new models for volumetric
feed effect term (V.EE.T) on volumetric mass transfer coefficient
are developed. It should be noted that this type of modeling for mass
transfer coefficient has not been reported previously and is consid-
ered a novel work carried out in this research paper. Therefore, ac-
cording to mentioned discussion and Table 3, several models are
investigated for K, a as the following equations:

K,a=c,+c,Q" (10)
K,a=c,e*? (11)
K,a=c,+c,e¢ (12)

Eg. (10) to Eq. (12) are analyzed and the amount of A.R.E, R* and
other statistical functions have been calculated. Finally, based on
the simplicity and error percentage, Eq. (10), was chosen as the best
appropriate model. The experimental data were then fitted to all
equations and the amounts of ¢, ¢,, ¢; and n were determined with
respect to O.L.S method by EViews software. The modeling results,
including the values for c,, c,, ¢, and n as well as R* and adjusted
R? are summarized in Table 4.

The results in Table 4 show that the amounts for the coefficient
of determination (R*>0.99) and adjusted R*>0.99 are in an accept-
able range and show good agreement with experimental data. This
proves the validity of this model and reveals that it can be used to
predict the mass transfer coefficient in other volumetric feed rates
successfully.

CONCLUSION

By studies of salicylic acid adsorption onto IRA-93 the follow-
ing results were achieved in this study. Column tests were per-

Model Equation Parameter Parameter R’ Adjusted-R*

Model (1) K,a=c¢,+c,Q" c 86.92823 0.999993 0.99998
C, 0.035211
n 3.968565

Model (2) K,a=c,e*? c 22.58254 0.995807 0.99371
c, 0.290001

Model (3) K,a=c,+c,e™® c 53.57324 0.999923 0.99977
C, 7.919884
C3 0.382017
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formed to plot the breakthrough curves. By employing these curves
and constant wave propagation theory, the volumetric mass transfer
coefficients were calculated in order to develop three new models
for prediction of the mass transfer coefficient.

Two important compatible application models in adsorption phe-
nomena, the Langmuir and Freundlich models, both were satisfac-
tory by fitting with experimental data. The coefficient of determination
of R*>0.97 for both of these isotherm models confirmed the ability
of these models to predict the adsorption process.

The column tests showed that by the drop in volumetric inlet the
more favorable ion-exchange conditions were achieved. However,
under high feed rate conditions, the concentration of salicylic acid
in the resin phase decreased which could be attributed to the insuffi-
cient contact time of solution and the resin to achieve desirable ad-
sorption. With the increase in the volumetric feed flow rates the vol-
umetric mass transfer coefficients also showed significant growth.
Nevertheless, initially the result revealed that by increasing the feed
rates the amount of maximum adsorption or breakthrough point
time decrease. This led to the conclusion that the system should work
at optimized flow rates, which was found to be at 7 mg/I.

By considering several mathematical functions, an appropriate
model was developed to predict the volumetric feed effect on the
mass transfer coefficient. All the models could be well fitted to the
experimental data with the level of significance of R>>0.99. It should
be noted that all these models were developed in this research work
for the first time, and can be used to predict mass transfer coefficient
at other different feed rates, as well.
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