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In this study, the potential of dual-phase composite adsorbent to determine the removal efficiency of
organic compounds such as COD, BOD, TP, and TN was investigated. The combination ratio of cockleshell
and natural zeolite was optimized using D-optimal mixture design (DMD). The generated ratio was tested
using run test in Easy Care PipeSystem (ECPS). Breakthrough curve was plotted to determine the total
removal by composite adsorbent. In addition, linearization of the breakthrough curve by dynamic models
was implemented to characterize the adsorption process by the composite adsorbent in ECPS column
model. The linearization of breakthrough curve was done using mathematical models, Adam-Bohart,
Yoon-Nelson and Thomas model. It was found that the optimal mixture ratio was at 75% cockleshells
and 25% natural zeolite. Based on the experiments, the composite adsorbent showed high tendency to
higher removal by 90% of targeted value. Based on the results, the composite adsorbent was fitted better
with Yoon-Nelson and Thomas model rather than Adam-Bohart model. The generated models were able
to characterize the adsorption process using composite adsorbent in the ECPS column system.
© 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Due to quick population growth, the generation of solid wastes
has become a critical issue that needs to be rectified and to allevi-
ate the impact to the environment (Korai et al., 2017; PhunChien
et al., 2017). The utilization of waste materials as alternative adsor-
bents is an attractive solution to reduce the volume of wastes
(Abdolali et al., 2014; Dahri et al., 2014). Adsorption is considered
as a good option for superior water treatment due to its accessibil-
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ity, ease of operation, maintenance and simplicity in design
(Ademiluyi et al., 2009; Bhatnagar and Sillanpaa, 2010). In addi-
tion, this process has been found to be capable of minimizing dif-
ferent types of pollutants and therefore has very wide applicability
in pollution control and water treatment (Yagub et al., 2014;
Rezania et al., 2016). The development of an adsorbent from waste
materials basically depends on several factors. The waste materials
are available abundantly which are cheap and biodegradable. It is
speculated that the waste materials should contain high level of
carbon or oxygen contents to obtain good removal capacities
(Lupul et al., 2015). Additional characteristics to improve the qual-
ity of adsorbent are high abrasion resistance, high thermal stabil-
ity, and small pore diameter (Andrejkovicovi et al., 2016).
Cockleshells are known as Anadara granosa which is a species of
bivalve shellfish, and contains high level of calcium carbonate
(CaCO03) (Ezzah-Mahmudah et al., 2016). Bivalve shells are able to
adsorb inorganic (Yao et al., 2014; Nan et al., 2016) and organic
compounds (Moideen et al., 2016; Daud et al., 2017) from polluted
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water. Generally, cockleshells comprise 98% to 99% of calcium car-
bonate in the form of aragonite meanwhile mussle shells consist of
the mixture of calcite and aragonite (Kamba et al., 2013). The
potential of bivalve shells as adsorbent are deniable since several
studies have been proved their effectiveness. For instance,
Chowdury and Saha (2010) used bivalve shells to remove Basic
Green 4 (Malachite Green) whereas Jalil et al. (2012) applied
bivalve shells with the corn leaves (Zea mays) to enhance the
adsorption of malachite green. Therefore, the utilization of seashell
and eggshells mixture for the adsorption of Malachite Green was
conducted (Chowdury and Saha, 2012; Chowdury and Das, 2012).

In the adsorption process, a natural zeolite has been found to be
more favorable as it can be used for a wide range of applications
including industrial wastewater treatment with source of sorbent
for ammonium contents (Misaelides, 2011), heavy metals (Perego
et al., 2013) and dyes (Hor et al., 2016). Previously, extensive stud-
ies have been carried out to evaluate the ability of natural zeolites
as a source of adsorbent due to the presence of hydrated alumi-
nosilicate minerals which has high physicochemical properties
such as cation exchange, molecular sieving, catalysis and sorption
(Wang and Peng, 2010). Clinoptilolite is a type of natural zeolites
which has widely been used as an adsorbent with maximum
water/vapor adsorption rate by 8 mmol (Favvas et al., 2016).
Clinoptilolite was further applied for removal of salt ion
(Wibowo et al., 2017) and ammonium (Martins et al., 2017).
According to Sana and Jalila (2016), modeling of breakthrough
curves is necessary for the prediction of removal or adsorption
using experimental parameters.

The development of a novel dual-phase composite adsorbent
has been considered to be a attractive solution for enhancing the
removal efficiency in respect of utilizing a single-phase adsorbent
material. It was evaluated that the new composite adsorbent have
higher affinity towards the organic compounds, also its adsorption
capacity was found to be higher than the commercially available
activated carbons (Chen et al., 2017). Halim et al. (2011) found that
the composite adsorbent consisting of rice-husked carbon wastes,
activated carbons and ordinary portland cement are capable of
adsorbing ammonia and COD.

Most of the studies focused on the others bivalve shells such as
oyster shells (Chen et al., 2013; Alidoust et al., 2015) and mussel
shells (Lim and Aris, 2014; El Haddad, 2016). In our previous study,
the feasibility of utilizing cockleshells as an adsorbent for wastew-
ater treatment was evaluated (Moideen et al., 2016). Although, in
most of the studies the focus was on single type of adsorbent for
wastewater treatment. Furthermore, the main focus of this study
was to determine the removal efficiency of organic compounds
using dual-phase composite adsorbent of cockleshells and natural
zeolites. Also, a mathematical model to evaluate the adsorption
process which reflects the characteristic of composite adsorbent
in adsorbing organic matter from wastewater was developed.

2. Materials and methods
2.1. Preparation of cockleshells

Cockleshells were collected from the Fisheries Research Insti-
tute (FRI), Gelang Patah, Johor, Malaysia. Initially, the cockleshells
were washed throughly with tap water and then by de-ionized
water to remove unwanted particles adhered to the shells. Then,
the shells were sun dried for 3 days and further dried in oven at
105 °C for 24 h. Finally, the shells were crushed and sieved into
the average size of 1 mm. In order to avoid any additional mois-
ture, the crushed shells were kept in polyethylene bags for further
usages.

2.2. Preparation of natural zeolites

The natural zeolite mostly consisted of 65.02% SiO, which fol-
lowed by 13.25% Al,03, 3.65% TFe,03; and some trace elements
such as Na,O, K,0, CaO. Natural zeolites were washed with dis-
tilled water in order to remove the debris and unwanted particles.
Then, it was dried at room temperature for 24 h and were kept in
polyethylene bag to avoid moisture.

2.3. Designing of Easy Care Pipe System(ECPS): Fabricated column
model

The Easy Care Pipe System (ECPS) was designed using PVC pipes
with the height of 7.5 inch and diameter of 2.0 inch. The system
was a closed loop circuit with three columns connected in series.
The operation of ECPS started with the pumping in 200 L of
wastewater with the flow rate of 11.49 (m>.day~!) and 600 g of
adsorbent used for the pertreatment. Wastewater was circulated
for a period of 3 days in the column for the adsorbents saturation.
The removal of chemical oxygen demand (COD), biochemical oxy-
gen demand (BOD), total phosphorus (TP) and total nitrogen (TN)
was measured according to APHA (2005). Sampling done in the
interval of 3 days continuously. Fig. 1 shows the schematic dia-
gram of ECPS.

2.4. Column test experiment

Total removal of COD, BOD, TP and TN in ECPS with different
combination ratio of cockleshells and natural zeolites was con-
ducted to reach the adsorbent to adsorption equilibrium. Table 1
shows the combination ratio of cockleshells and natural zeolites
generated by Design Expert software version 7.0. Based on the soft-
ware, 13 runs of mixture ratio of cockleshels and natural zeolite
were generated.

2.5. Analytical procedures

2.5.1. Optimization of combination ratio by D-optimal mixture design
(DMD)

To examine the removal of BOD, COD, TP and TN, multiple
regression analysis was carried out. As factor for mixture design-
ing, natural zeolite and cockleshells were named as (A) and (B)
respectively. The response function was to measure the removal
efficiency of natural zeolites and cockleshells and the values
described as A and B in the second-degree polynomials. The coeffi-
cient of polynomials was defined by constant terms, A and B as lin-
ear effects and AB as an interaction effects. The effects and
regression coefficient of individual linear and interaction terms
were verified with plotted linear graph based on the breakthrough
curve. The significance of all the terms in polynomial equation was
assessed by computing the probability (P) value. In addition, the
desirability function (DF) was generated at the last stage of opti-
mization using DMD. The function suggested the best mix ratio
of cockleshells and natural zeolites.

3. Results and discussion
3.1. Mixed ratio optimization using D-optimal mixture design (DMD)

Table 2 shows the removal of BOD, COD, TP and TN after column
testing of composite adsorbents in ECPS. The experiments were
carried out according to the run number in order to minimize
the variability for the values of all responses. Table 3 shows the
fit statistics in response to the removal of BOD, COD, TP and TN.
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Fig. 1. Schematic diagram of ECPS with close-ended column.

Table 1

Summary of generated experiments used in column test.
Run Component

A: Natural Zeolite B: Cockleshells

1 0.50 0.50
2 0.50 0.50
3 1.00 0.00
4 0.00 1.00
5 1.00 0.00
6 0.00 1.00
7 0.25 0.75
8 1.00 0.00
9 0.00 1.00
10 0.50 0.50
11 0.00 1.00
12 1.00 0.00
13 0.75 0.25

Then the results have been analyzed with the responses
accordingly.

R? of Model 1 was used to explain the behavior variation of BOD
removal using the mixture of natural zeolite and cockleshells
(Table 3). For instance, R? value (0.9120) in Model 1 refers to the
removal of BOD which was closer to unity number 1.000 in com-
parison to other R? values of different models (Model 2, Model 3
and Model 4).

Adequate precision compares the range of predicted values at
the design points to the average simulated error. If the ratio values
become more than four, it indicates that the model is adequate
(Khalili et al., 2015). In this study, the value of adequate precision
of Model 1, 2 and 3 was more than four. However, Model 2 and
Model 3 had low R? value, meanwhile the value of adequate preci-
sion was more than four. On the other hands, Model 4 showed
unsatisfactory for both R? and the number for adequate precision.
The standard deviation of Model 1 was found to be 2.08 that indi-
cated the model is acceptable with the minimal deviation. In com-
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Table 2
Summary of experimental conditions in response to the column test.

Run Mixture ratio

Response

A: Natural Zeolites (%) B: Cockleshells (%)

BOD removal (%)

COD removal (%) TP removal (%) TN removal (%)

1 0.50 0.50 50.00 94.12 80.87 83.33
2 0.50 0.50 48.34 90.12 78.14 81.43
3 1.00 0.00 41.67 70.83 70.83 83.33
4 0.00 1.00 57.14 71.43 98.33 85.71
5 1.00 0.00 41.33 71.33 70.97 84.11
6 0.00 1.00 55.23 68.45 95.77 83.33
7 0.25 0.75 50.00 67.39 53.07 71.30
8 1.00 0.00 43.33 73.11 70.33 80.33
9 0.00 1.00 59.43 73.33 95.04 88.33
10 0.50 0.50 52.76 95.32 82.33 85.11
11 0.00 1.00 58.13 72.33 97.33 83.33
12 1.00 0.00 43.33 71.11 70.83 83.11
13 0.75 0.25 42.86 35.19 55.17 83.33
Table 3 100
Fit statistics in response to the removal of BOD, COD, TP and TN. = 80
=
Model 1: BOD removal (%) g o
Standard Deviation 2.08 R-Squared 0.9120 é
Mean 49.43 Adjusted R-Squared 0.9041 5 40
CV. 4.21 Predicted R-Squared 0.8826 2 20
PRESS 63.65 Adequate Precision 18.679
Model 2: COD removal (%) 0
Standard Deviation 14.70 R-Squared 0.2881 Parameters
Mean 73.39 Adjusted R-Squared 0.0508
C.V. 20.03 Predicted R-Squared -3.2605 EXPECTED # EXPERIMENTAL
PRESS 11636.45 Adequate Precision 3.9490
Model 3: TP removal (%) . . .
Standard Deviation 11.82 R-Squared 0.4456 Fig. 2.. Removal of BOD, COD, TP and TN based on prediction (modelling) and actual
Mean 7839 Adjusted R-Squared 0.3952 experiment.
C.V. 15.08 Predicted R-Squared 0.2816
PRESS 1991.34 Adequate Precision 5.200
Model 4: TN removal (%) 09
Standard Deviation 4.08 R-Squared 0.0095 08 \
Mean 82.79 Adjusted R-Squared -0.0805 0.7
C.V. 4,93 Predicted R-Squared -0.3009 06
PRESS 240.47 Adequate Precision 0.5690
305
S o4
parison to other models (Model 2, 3 and 4), the value of standard 03
deviation for Model 1 was lower. Coefficient of variation (C.V.) is 02
the standard deviation and higher value of C.V. shows the higher 01
variation in the mean value while the predictive ability of the 0 o | N 3

model is not satisfactory (Lim et al., 2017). Based on Table 3, the
Model 1 is more accurate as C.V. was the lowest 4.21. For the other
models, CV was significantly higher by 20.03, 15.08 and 4.93 for
models 2, 3 and 4, respectively. Based on these findings, the predic-
tive ability for these models is not satisactory.

The optimization of mixture ratio was the key indicator in
determining the optimal mixture ratio of natural zeolite and
crushed cockleshells to be as the desirability value. From the gen-
erated mixture ratios, it was found that the optimal mixture ratio
was 75% and 25% for cockleshells and natural zeolite with the
desirability value of 0.700. As shown in Fig. 2, the stimulated val-
ues of BOD, COD, TP and TN removal with the dual-phase compos-
ite adsorbent consisting of 75% of cockleshells and 25% of natural
zeolites. It was found that the column tests achieved 90% of the
predicted removal. Therefore, it was proven that the mixture ratio
of natural zeolites and cockleshells was good to be used for adsorp-
tion process.

3.2. Breakthrough curve analysis for the date of column test

In order to analyze the dynamic adsorption in column model,
set of breakthrough curve was plotted (Matta et al., 2008). Fig. 3

Time (days)

=4=COD =MN=BOD ==i=TP =¥=TN

Fig. 3. Breakthrough curve plot (Combination ratio: 25% natural zeolites: 75%
cockleshells).

shows the breakthrough curves for the total removal of BOD,
COD, TP and TN obtained from the column test experiments. It
was found that the breakthrough points of TN and BOD achieved
breakthrough point before COD and TP. As the time increased,
the removal rate of TN and BOD together with the removal rates
of TP and COD became insignificant. Hence, a minimal increase
in the removal by natural zeolite-cockleshell composite adsorbent
was observed.

Total amount of organic contents adsorbed (mggy), total amount
of organic matters that passed through the columns (m;qq) and
total removal (%) was obtained by calculating the area below the
curve. The summary of the results are presented in Table 4.

The analysis of breakthrough curve were in contradict with
other studies. According to Samarghandi et al. (2008), by increase
in the inlet adsorbate concentration, the slope of breakthrough
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Table 4

Summary of total organic matters removal using dual-phase composite adsorbent (natural zeolites &cockleshells) using breakthrough curve analysis.

Volume Flow Initial Exhaustion Volume Total amount of organic Total amount of organic Removal of organic
Influent (L) (m*day~!) Con® Time, t, (day) Effluent, Vg (L)  matter adsorbed, mgq matter through, meq matter (%)
(mgl™")
200 11.49 COD 46 3 34.47 5.99 1585.62 0.38
200 11.49 BOD 12 3 34.47 10.46 413.64 2.53
200 11.49 TP 26 3 34.47 8.75 89.62 9.76
200 11.49 N 14 3 34.47 18.50 482.58 3.83

¢ Con = concentration.

curve increased while the volume of treated adsorbate reduced. As
shown in Fig. 3, as the concentration at the inlet increased, the
slope of breakthrough curve decreased and the volume of adsor-
bate treated also not as much as expected. This may be due to
the constant value of flow rate in the system. Hence the value
was not similar to the previous study, but this study proved the
theory of aragonite shells could remove phosphate from water.
As stated by Chen et al. (2013), oyster shell was able to remove
phosphate content effectively.

3.3. Breakthrough curve testing using mathematical models; Adam-
Bohart, Yoon-Nelson and Thomas model

Mathematical model for dynamic adsorption describes the
behaviour of ECPS column to scale up for industrial applications.
Three models (Adam-Bohart, Yoon-Nelson and Thomas model)
were used to determine the behaviour of adsorption in column
model. Table 5 shows the summary of these models.

Table 5 (a), presents the values obtained from the linear regres-
sion graph using Adam-Bohart model. kg is kinetic constant and Ny
maximum adsorption capacity which are dependent in the initial
concentration. High initial concentration provides the higher value
of kap and Ny This behavior can be explained by the mass transfer
between the molecules in water and adsorbent during the dynamic
adsorption in the column model experiments as reported by
Adhikari et al. (2012). They found that the removal rates for COD,
BOD, TP and TN were found to be lower and far from the unity
value. This showed that Adam-Bohart model not fitted well with
the data due to the inconsistency in flow rates during the experi-
ment (Priya and Radha, 2016).

Table 5 (b), shows the values obtained from linear regression
graph using Yoon-Nelson model. The value of kyy was found to

Table 5
Summary of Adam-Bohart, Yoon-Nelson and Thomas parameters.

(a) Adam-Bohart Model

kpp (mg day(m®)™) No (mgL™") R
0.7091 0.3626 0.2814
0.4107 0.2079 0.2683
0.6587 0.1410 0.0643
0.3782 0.0316 0.0089
(b) Yoon-Nelson Model

kyn (day™") T (day) R
0.2641 0.6919 0.1797
0.1485 0 0.3570
0.1019 0.6898 0.0314
0.4253 0.3267 0.5524
(c) Thomas Model

kry (m*(day.mg)") o (mg.g™") R
0.6919 0.2641 0.1797
0 0.1485 0.3570
0.6898 0.1019 0.0314
0.3267 0.4253 0.5524

be dependent to the initial concentration value. In the other hand,
T value was inversely proportional to kyy. In general, Yoon-Nelson
model was developed based on the hypothesis. As the rate of veloc-
ity decreased, the adsorption of adsorbate molecule was propor-
tional to the breakthrough on the adsorbate. In addition, the R-
squared values of COD, BOD, TP and TN were higher than the value
obtained from the Adam-Bohart model. According to Guaya et al.
(2015), modified natural zeolite by aluminum oxide (Z-Al), was
effective for the adsorption of phosphate and ammonium which
was well fitted by Langmuir model.

Table 5 (c) shows the increase in value of g, which was due to
the adsorption of adsorbates into the adsorbent surface and the
difference of concentration of organic matters in water. This also
indicated that the value of gy and ky; greatly depends on the initial
concentration. The R-value of Thomas model was high and similar
to the value obtained from Yoon-Nelson model. Based on the
results, the external and internal diffusions of Thomas model were
not the limiting step. Therefore, the composite adsorbent consist-
ing of natural zeolites and cockleshells in ECPS column was the
best as described by Thomas model. In a studies by Alshameri
et al. (2014) and Millar et al. (2016), found that the Freundlich
model was the fit for optimum exchange of ammonium ions using
natural zeolite. Although, the composite adsorbent of cockleshells
and natural zeolites were fitted more to Yoon-Nelson model and
Thomas model in compare to Adam-Bohart model. This is mainly
due to the column study of ECPS relied on the plug flows that hap-
pened inside the pipe column.

4. Conclusion

Based on the results, two significant conclusion can be drawn as
follows:

. The optimal mixture ratio obtained by DMD for the design of
composite adsorbent was 75% of cockleshells and 25% of natural
zeolites which can be used for treating of river water most
effectively.

. Based on the mathematical model cockleshells and natural zeo-
lites were more fitted to Langmuir isotherm. The dynamic iso-
therm for column model showed that composite adsorbent
was fitted with Yoon-Nelson model and Thomas model.
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