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Abstract 

In this study, the adsorption capacity of the adsorbent blend of coconut shell activated carbon and zeolite on the removal of total organic 
carbon (TOC) and total suspended solids (TSS) from oilfield produced water were investigated. The maximum amounts of TOC adsorbed via 
experiment and prediction are 148.87mg.g-1 and 150.020mg.g-1, respectively. The experimental value of maximum TOC adsorbed was obtained at 
an adsorbent dosage of 0.99g zeolite (0.01 CSAC), contact time of 180mins and temperature of 40°C, while the maximum amount of TSS adsorbed 
via experiement and prediction are 1.76mg.g-1 and 1.579mg.g-1, respectively. Also, the experiemental value of the maximum TSS was obtained 
at an adsorbent dosage of 0.99g.ZA (0.01 CSAC), contact time of 180 mins and temperature of 40°C. The high and close R-squared values of the 
experimental and predicted values of the TOC (0.9638 and 0.8851, respectively) and TSS (0.9755 and 0.9072, respectively) adsorption indicates 
that the experimental data is in reasonable agreement with the predicted data, and hence showed the effectiveness of response surface method-
ology in modeling the adsorption of TOC and TSS from produced water. The high amounts of TOC and TSS adsorbed indicates that the adsorbent 
blend of coconut shell and zeolite is effective and efficient in the treatment of waste water streams laden with high concentrations of TOC and 
TSS.

Keywords: Produced water; Adsorbent; SEM; XRD; Treatment; TOC

Highlights

a) The adsorption capacity of the adsorbent blend of CSAC/ zeolite was high.

b) The adsorbent blend had a high crystalline structure.

c) RSM modeling method was effective in predicting the total amount of TOC and TSS adsorbed.

d) A quadratic model was developed in this study.
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Introduction

Industrial processes sometimes produce industrial effluents 
that contaminate water bodies, and its effect has risen as a 
significant problem in sparsely and thickly populated nations [1]. 
Estuaries and inland water bodies which are significant sources 
of drinking water in developing nations are often contaminated 
by the activities of the adjoining population and industrial 
establishments [2]. River systems are the primary means of 
waste disposal especially effluents from industries near them. 
These effluents from industries have a great deal of influence 
on pollution of water body and can alter the physical, chemical 
and biological nature of the accepting water body [3,4]. Some of 
these industrial processes include organic chemical production, 
food processing, iron and steel production, mines and quarries, 
petroleum refining and petrochemical plants operations, and oil 
and gas exploration/production operations, which has “produced 
water” as its major waste.

In the oil and gas industry in specific, oilfield releases water 
which is the water that comes back to the surface from oil or gas 
well [5] and represents the biggest volume of waste stream in 
oil and gas productions on most offshore platforms [6,7]. When 
the oilfield well begins to create a huge quantity of oil and gas, 
the blended fluid stream spilling out of the well comprises of 
oil, gas, and wastewater. This wastewater which is ordinarily 
referred to as produced water is isolated at the surface [5,8,9]. 
The produced water generated throughout the life of a well is 
generally thought to be a combination of the fluid used to fracture 
the well and formation water that resided in either the target 
formation or neighbouring formations [5]. The constituents of 
produced water are comprehensively classified into organic and 
inorganic substances which contain dissolved and dispersed oils, 
grease, heavy metals, treatment chemicals and formation solids, 
dissolved gases, scale products, microorganisms and dissolved 
oxygen [8,10,11]. It is evaluated that all-inclusive, more than 
seventy billion barrels of produced water is generated by the 
petrochemical industries yearly [8,12]. This Produced water will 
regularly keep on being produced and isolated from the recovered 
oil and gas products, in this way producing a nonstop wastewater 
stream throughout the duration of the well. Since water is turning 
into a major issue in some parched territories and as guidelines 
become progressively prohibitive for disposal and reinjection, 
produced water reuse/recycle will be a solution to reduce the 
wastewater production and alleviate environmental effects [13]. 
Significant effort is being made to create economic strategies to 
treat produced water, the majority of which is very salty, and put 
it to other uses [5].

Numerous advancements that have been created for the 
treatment and cleansing of wastewater include chemical 
precipitation, solvent extraction, dialysis/electro dialysis, 
electrolyte extraction, reverse osmosis, ion exchange, evaporation, 
adsorption, filtration, air stripping, flocculation and soil flushing/ 
washing chelation [14]. In any case, most of these methods are 

not broadly utilized because they are costly and low plausibility 
for small-scale applications [15]. Adsorption technique has 
demonstrated to be a productive and savvy among every one of 
the methods [16]. Adsorption is one of the viable and appropriate 
procedures for the treatment of contaminant from wastewater as 
it is generally utilized in water pollution control where activated 
carbon is utilized as the adsorbent because of its high surface 
area and pore volume as well as inert properties. In light of 
both environmental and the economic perspectives, exceptional 
consideration has been centered around the utilization of natural 
adsorbents gotten from natural materials and waste agricultural 
products as an alternative to replacing commercially activated 
carbon (artificial adsorbents), however, artificial adsorbents are 
still in use to date. Low-cost natural material or certain waste from 
an industrial or agricultural operation is one of the resources for 
low-cost adsorbents and has seen strong interest by researchers 
in replacing the conventional activated carbon [17] recently. 

Kurniawan & Babel [18], carried out a research study on 
Cr(VI) removal from contaminated wastewater using low-cost 
adsorbents and commercial activated carbon (CAC). In their study, 
the technical feasibility of using coconut shell carbon (CSC), zeolite, 
and CAC for chromium removal from contaminated wastewater 
was investigated using batch studies at varying chromium 
concentrations (5,10, 20, and 25mg/l). From their results, it 
was evident that between the two low-cost adsorbents, CSC has 
a higher chromium removal capability (2.18mg/g) than zeolite 
(1.79mg/g), while CAC demonstrated an outstanding adsorption 
capacity (4.72mg/g). According to Rojas-Mayorga et al. [19], the 
process efficiency and operational costs of an adsorption process 
highly depend on the characteristics of the adsorbent, especially 
its porous structure, and surface chemistry [19]. Based on these 
viewpoints, this study focuses on the effect of both blends of 
natural (coconut shell) and artificial (zeolite) adsorbent on the 
treatment of produced water, with a view of providing insightful 
data and information on the adsorption capacity of natural/
artificial blend of adsorbents for the treatment of effluent streams 
laden with contaminants. A good understanding of the process 
will yield optimum adsorption efficiency of the adsorbent blend 
and provide necessary information for the petroleum industry 
on their liquid discharge management in order to abide by 
environmental protection laws and regulations.

In this study, the synergistic effects of coconut shell and zeolite 
adsorbents in the treatment of produced water were studied with 
several analytical tools. Response surface methodology (RSM), 
which is a statistical tool was employed to study the interactions 
of process variables, optimize the number of conductivity 
components adsorbed by the activated carbon produced from 
coconut shells, and model the relationship between the number of 
impurities adsorbed by the adsorbent and the process conditions 
which are adsorbent dosage (zeolite/coconut composite), contact 
time and temperature. The characterization of the zeolite/
coconut shell char composite was carried out using several 
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analytical tools such as scanning electron microscopy (SEM), 
X-ray diffraction (XRD) techniques, Fourier transform infra-red 
(FTIR), X-ray fluorescence (XRF) and Brunauer-Emmett-Teller 
(BET) instrument.

Experimental

Materials

Coconut shells were bought at Uselu Market, Benin City, 
Edo State, Nigeria and pre-treated before further use. Zeolite 
adsorbent (ZA) was purchased from a local chemical store. The 
effluent waste (produced water) was obtained from Pan Ocean 
(an international oil and gas company) flow station in Umutu, 
Delta State, Nigeria.

Methodology

Collection of effluent samples

Effluent points of discharge were collected using a fetcher. 
All samples were collected in a thoroughly cleaned 5-liter 

polyethylene bottles tightly closed with information tags for 
identification. Each bottle was rinsed with the appropriate sample 
and re-rinsed with the surface water before the final sample 
collection. The samples were placed in a cooler box at 4oC and 
then taken to the laboratory for analysis.

Analyses of physicochemical parameters of effluent

Oilfield Produced water (effluent) was characterized for pH, 
total organic carbon (TOC), conductivity, total suspended solids 
(TSS), total dissolved solids (TDS), total solid (TS), chemical 
oxygen demand (COD), dissolve oxygen (DO), and electrical 
conductivity (EC) contents before treatment with the activated 
carbon/zeolite. The ASTM standard procedures [20] for these 
tests were employed.

Preparation of coconut shell activated carbon (CSAC)

The coconut shell char was prepared using previously 
described method [21,22]. The coconut shells before and after 
carbonization is depicted in Figure 1.

Figure 1: Activated carbon preparation (a) coconut shells (b) carbonized coconut shells.

Synthesis of ZA/CSAC composite

The synthesis of the adsorbent blend was carried out by using 
pre-existing method [22] described afterward. ZA was used as 
the composite material for the CSAC. Firstly, a gel solution of the 
ZA was prepared; the CSAC was added to the solution and mixed 

thoroughly. The amount of CSAC in the composite adsorbent was 
varied from 0.01 to 0.99g according to the design of the experiment 
given in Table 1. The final solution was dried on petri-dish for 24h 
at room temperature to form Qsmall pellets which were stored in 
airtight bottles for further analysis.

Table 1: Range of values for adsorption experiments.

Factors Coding
Coded and Actual Range of Values

-α -1 0 1 +α

Proportion of zeolite in CSAC A 0.01 0.2 0.5 0.8 0.99

Contact time (mins) B 12 80 180 280 348

Temperature (℃) C 26 32 40 48 54

Determination of point of zero charge

The point of zero charges (pzc), pH-PZC was determined by 
the mass titrations (MT) method described by Fiol & Villaescusa 
[23]. Different masses of sorbent within the concentration range 
5-100g/L were put into contact with a 0.03M KNO3 solution. The 
aqueous suspensions were agitated for 24h in a shaker at 250rpm 
until equilibrium pH was reached. The pH-pzc is the pH at which a 

plateau is achieved when plotting equilibrium pH versus sorbent 
mass.

Characterization of CSAC

The functional groups present in the CSAC were analyzed 
using a Fourier transform infrared (FTIR Machine, Cary 630, 
Agilent Technologies) within the wavelength region of 4000 to 
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650cm.K-1. CSAC was used in the form of Potassium Bromide (KBr) 
discs which were prepared by grinding 1mg sample/100mg pre-
dried KBR. X-ray fluorescence, XRF spectroscopy (XRF machine, 
Genius 1F, XeneMatrix) was used to obtain the elemental chemical 
compositions of the CSAC before uptake the uptake studies 
for more precise measurement. While, X-ray diffractometer, 
XRD (XRD machine, Rigaku Miniflex) was used to measure the 
crystalline phase of the CSAC before batch adsorption. JCPDS 
(Joint Committee of the Powder Diffraction Standard) was used 
to identify the phases present in the adsorbent sample. The 
surface morphology of the adsorbent sample was examined with 
scanning electron microscope equipped with energy dispersive 
X-ray spectroscopy device (SEM/EDX, FEI XL30).

Treatment of produced water

The produced water was treated using the adsorbent blend of 
ZA and CSAC by Batch adsorption technique. In this technique as 
described elsewhere [24,25], exactly 200ml of produced water was 
measured into polythene bottles and 10g of the adsorbent blends 
were transferred into these bottles. The mixtures in polythene 
bottles were agitated at the same time with a basic reciprocating 
shaker at 200rpm for the various contact times given according 
to the experimental design in Table 1 and left undisturbed on 
the desk for 24h to allow the system to equilibrate after which 

the mixture was filtered through a Whatmann filter paper into 
another 100cm3 polyethylene bottle. The concentrations of the 
residual or remaining TOC in the filtrate after the adsorption 
process were determined using the TOC analyzer described by 
Chen et al. [26]. The uptake of TSS and TOC by the adsorbent was 
calculated using Eq.1: 

( )-
                                      (1)o fV C C

q
m

=

Where q is the amount of TOC and TSS adsorbed in milligram 
per gram of the adsorbent, Co is the initial concentration of the TOC 
and TSS before the adsorption process, Cf is the final concentration 
of the TOC and TSS in the filtrate after the adsorption process, m 
is the mass of the adsorbent and V is the volume of the solution 
in cm3.

Design of experiment

The adsorption of the heavy metals by the adsorbent blends 
was done using the optimal central composite design (CCD) of 
experiment. The variables considered and their ranges of values 
are given in Table 1. The amounts of TOC and TSS adsorbed in mg.g-

1 of composite adsorbent were taken as the response variables. 
The experimental design matrix showing the combination of 
factorial variables is presented in Table 2.

Table 2: Experimental design matrix for adsorption experiment.

Std. Order Run Order
Coded Factors Actual Factors

A B C Proportion of Zeolite in CSAC Contact Time (mins) Temperature (oC)

1 1 -1 -1 -1 0.2 80 32

2 17 1 -1 -1 0.8 80 32

3 8 -1 1 -1 0.2 280 32

4 12 1 1 -1 0.8 280 32

5 13 -1 -1 1 0.2 80 48

6 10 1 -1 1 0.8 80 48

7 15 -1 1 1 0.2 280 48

8 9 1 1 1 0.8 280 48

9 14 -1.68 0 0 0.01 180 40

10 4 1.68 0 0 0.99 180 40

11 11 0 -1.68 0 0.5 12 40

12 7 0 1.68 0 0.5 348 40

13 18 0 0 -1.68 0.5 180 26

14 20 0 0 1.68 0.5 180 54

15 2 0 0 0 0.5 180 40

16 5 0 0 0 0.5 180 40

17 16 0 0 0 0.5 180 40

18 19 0 0 0 0.5 180 40

19 3 0 0 0 0.5 180 40

20 6 0 0 0 0.5 180 40
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Statistical analysis 

The experimental data were analyzed according to the 
regression procedure to fit the polynomial equation in which the 
level of significance (p-value) of all coefficients was < 0.05. Based 
on experimental data shown in Table 2, the regression coefficient 
was determined by the statistical software package Design-
expert® (Version 11; stat-ease, Inc., Minneapolis, USA) to predict 
the process response as a function of independent variables and 
their interactions were used to understand the system behaviour. 
The coded values of the process parameters were determined by 
the expression given in Eq.2:

0                                       (2)i
i

X Xx
X
−

=
∆

where xi is the coded value of the ith variable, Xi is the uncoded 
value of the ith test variable, and Xo is the uncoded value of the 
ith test variable at centre point. The mathematical relationship 
between the process variables and response was calculated by the 
following quadratic polynomial expression in Eq. 3: 

2
0

1 1 1 1
+ + +                                 (3)

n n n n

i i ii i ij i j
i i i j

Y x x x xβ β β β
= = = >

= ∑ ∑ ∑∑
where Y is the response, Xi and Xj represent the independent 

variables, β0 is constant, βi is linear term coefficient, βii is the 
quadratic term coefficient, βij is cross-term coefficient and ‘n’ is 
the number of process variables studied and optimized during the 
study. Analysis of variance (ANOVA) was carried out to estimate 
the effects of process variables and their possible interaction 
effects on the maximum ethanol yield in the response surface 
regression procedure. The goodness and best fit of the model was 
evaluated by a regression coefficient R2. The response surface and 
contour plots are obtained using the fitted polynomial equation 

generated from regression analysis by keeping one of the 
independent variables at the center value (0).

Results and Discussion

Physicochemical properties of the studied produced 
water 

The TOC, COD, DO, EC, TDS, TSS and TS of produced water 
used in this study were 3590mg/l. 6.08mg/l, 13.65mg/l, 5.53mg/l, 
0.2765mg/l, 52.34mg/l, and 52.6165mg/l respectively. The TOC 
value of 3590mg/l as obtained in this study is within the range 
of 0.1 to 11,000mg/l given for typical TOC value of produced 
water [27]. The COD and TDS of 6.08 and ~ 0.28mg/l respectively 
were within the department of petroleum resources (DPR) of 
Nigeria permissible limits of 125 and 5000mg/l respectively for 
discharged water [28]. However, the TSS value of the produced 
water of 52.34mg/l is higher than the maximum permissible 
limit of 35mg/l set by DPR for effluent discharged into surface 
water courses. Furthermore, the EC test which is a measure of 
the saltiness of the water with a measurement of 0 to 50,000µS/
cm, was observed to be 5.53µS/cm in this study. Based on known 
standard, the EC value of freshwater is usually between 0 and 
1,500µS/cm, and that of typical sea water has a conductivity value 
of about 50,000µS/cm [29]. Also, it is known that when salts 
value reaches high levels in freshwater it can cause problems for 
aquatic ecosystems and complicated human uses [29], therefore, 
it is imperative that low level of salts are found or maintained in 
natural waterways. The EC value of 5.53µS/cm obtained in this 
study shows that the produced water is safe for discharged into 
water bodies in this regards.

pH at point of zero charge (pH-PZC) of adsorbent

Figure 2: Initial and final pH of adsorbent (CSAC).

Figure 2 presents a plot for the determination of point of 
zero charge of the adsorbent. The curve shows that the pH-PZC 

is approximately 4.9. At pH greater than 4.9, the adsorbent has 
predominantly a negative charge at the surface, while below 
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this value the surface is positively charged. According to some 
literature [30], the pH at the point of zero charge on activated 
carbon is close to 7.0. However, this behaviour was not observed 
for the adsorbent used in this study. The value obtained (4.9) can 
be explained by the acid treatment to which the activated carbon 
was subjected prior to use, since the H+ ions present on the surface 
after treatment will be released into the solution, lowering the 
pH [31]. The adsorption of cations, such as metal ions, is favored 
at pH > pH-PZC, while the adsorption of anions is favored at pH < 
pH-PZC, due to electrostatic repulsion [31]. Thus, the TOC and TSS 

adsorption process should be carried out at pH equal to or greater 
than 4.9.

Characterization of adsorbent

FTIR analysis

Figure 3 shows the functional groups of the adsorbent as given 
by FTIR analysis, and its interpretation is given in Table 3. From 
Table 3 it is seen that a weak absorption band of alkynes, nitriles, 
quartz were observed, while a fairly strong band of alkenes and 
ester anhydride were noticed.

Figure 3: FTIR spectra of adsorbent.

XRD analysis

The crystalline structure of the adsorbent is given by the XRD 
spectra shown in Figure 4. The XRD pattern of the crystalline 
structure of the composite adsorbent shows the characteristic 
reflections of the homogeneous phase material with slightly 
uniform peaks with little deviation at low 2Ѳ angles and other 
uniform peaks at high 2Ѳ angles. All the reflections are sharp 
indicative of a highly crystalline homogeneous phase silicate 

based material. The uniformity of a series of peaks indexed 
appearing as symmetric line at high 2Ѳ angle corresponding 
to basal spacing indicating the presence of an ordered stacking 
sequence at atomic scale. The little deviation in the uniformity 
of peaks with high intensity from other peaks at low 2Ѳ angle 
could be attributed to the graphite incorporated in the silicate 
base material. In order to further confirm the constituent of the 
adsorbent, other characterization techniques were employed as 
discussed in the next sections.

Figure 4: XRD spectra of adsorbent.
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XRF analysis

Table 4 gives the elemental composition of the adsorbent 
blend under study. From Table 4, it was found that the blend had 
a very high concentration of SiO2 of 49.10%, Al2O3 of 31.74%, K2O 
of 4.55%, CaO of 3.77%, MgO of 3.46%, while others were 3.46%. 
The elemental composition of the adsorbent as shown in Table 4 

indicates variation in elemental concentrations of metal oxides, 
which play an important role in the field of catalysis. The transition 
metals and their compounds are used as catalyst because of their 
ability to change oxidation state or in the case of the metals, to 
adsorb other substances on their surface as catalyst. The prepared 
activated carbon contains various concentrations of metal oxides 
which may be useful in catalytic processes and adsorption.

Table 3: FTIR analysis.

S/No. Frequency (cm-1) Appearance Bonds Compounds

1 2109.7 Weak absorption band C≡C or C≡N stretching vibra-
tion

Alkynes, nitriles RC≡CH, 
RC≡N

2 1923.3 Weak absorption band Si – O, C = O stretching vibration Quartz, carbonate ion or acid 
halide

3 1558 Fairly strong and little broad absorption band C = C stretching vibration Alkenes (conjugated)

4 1006.4 Medium, strong and little broad absorption band C = O stretching Acid, esters anhydride

Table 4: Elemental composition of CSAC/ZA (wt%).

Component Concentration Error

SiO2 49.1 1.15

Al2O3 31.74 1.48

K2O 4.55 0.21

CaO 3.77 0.18

MgO 3.46 1.89

Others < 3.46 -

BET analysis

The surface area, pore volume and pore size of the adsorbent 
blend obtained from BET analysis are 428.2m2.g-1, 0.24cm3.g-1 and 
2.13nm, respectively. The BET surface area is the main indicator 
for the surface properties of activated carbon, as described by 
[31,32]. The high surface area of 428.2m2.g-1 of the adsorbent blend 
calculated by the BET method indicates the possibility of applying 
the adsorbent for efficient treatment of waste streams laden with 

pollutants. According to the International Union of Pure and 
Applied Chemistry (IUPAC), the pore development of an activated 
carbon is classified into three groups which are micropores (size 
< 2nm), mesopores (2-50nm) and macropores (size > 50nm) 
[33,34]. The pore size of 2.13nm of the adsorbent blend falls 
within the mesoporous pore size distribution. Activation leads to 
significant formation of micropores and/or mesopores due to the 
reaction between activating agents and carbon, and results in the 
enhancement of specific surface area and total pore volume [35]. 

SEM micrograph

Figure 5: SEM micrograph of CSAC/ZA blend.
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The SEM micrograph of adsorbent is shown in Figure 5. The 
micrograph of the composite adsorbent shows a highly developed 
irregular pore structure for the adsorbent. This is evident that 
there are larger numbers of pores present in the adsorbent which 
may be due to the presence of zeolite and chemical activation of 
the coconut shell. 

Analysis of adsorption process

Table 5 gives the experimental design matrix and the predicted 
and actual values of the amount of TOC and TSS adsorbed by 
adsorbent blend at a constant pH of 4.9.

Table 5: Experimental design matrix and response variables.

Run

Actual Factors  Adsorbent Dosage Contact Amount Adsorbed (mg/g)

(g, ZA)
Time Temperature TOC TSS

 (mins) (°C) Actual Predicted Actual Predicted

1 0.21 80.11 31.68 88.5 89.32 1.51 1.52

2 0.5 180 40 96.5 99.16 0.48 0.47

3 0.5 180 40 98.5 99.16 0.51 0.47

4 0.99 180 40 148.87 151.65 1.76 1.74

5 0.5 180 40 103 99.16 0.52 0.47

6 0.5 180 40 102.98 99.16 0.49 0.47

7 0.5 348 40 98.5 101.16 0.41 0.43

8 0.21 279.89 31.68 87.5 90.7 0.73 0.63

9 0.79 279.89 48.32 90.5 89.65 1.62 1.58

10 0.79 80.11 48.32 120.9 117.67 1.12 1.18

11 0.5 12 40 126.19 123.57 0.81 0.84

12 0.79 279.89 31.68 135.5 131.78 0.71 0.76

13 0.21 80.11 48.32 131.5 135.19 1.11 1.03

14 0.01 180 40 134.56 131.83 1.45 1.51

15 0.21 279.89 48.32 130.5 127.36 0.81 0.84

16 0.5 180 40 95.5 99.16 0.41 0.47

17 0.79 80.11 31.68 147.5 150.61 1.12 1.05

18 0.5 180 26 93 90.96 0.67 0.72

19 0.5 180 40 98.5 99.16 0.44 0.47

20 0.5 180 54 92 94.09 1 1

Amount of TOC adsorbed 

As presented in Table 5, the amount of actual TOC adsorbed 
from the experimental study ranges from 87.50 to 148.87mg/g 
of the adsorbent blend. The maximum amount of TOC adsorbed 
was achieved at an adsorbent dosage of 0.99g zeolite (0.01 CSAC), 
contact time of 180min and temperature of 40°C, while the 
minimum amount of TOC adsorbed was achieved at an adsorbent 
dosage of 0.21 g zeolite (0.79 CSAC), contact time of 279.89 min 
and temperature of 31.68. This indicates that the adsorbent 
blend with the highest amount of ZA was more effective for TOC 
adsorption from the studied produced water. To compare the 
actual TOC adsorbed with the predicted TOC adsorbed (using 
RSM), a plot was made as depicted in Figure 6.

As shown in Figure 6, it was observed that all points were 
close to the regression line, which indicates a strong positive 
linear correlation between the actual and predicted values of the 

amounts of TOC adsorbed. This means that experimental values 
of the amount of TOC adsorbed are in reasonable agreement with 
the predicted values. The close correlation observed in Figure 6 
can be further described by the coefficient of determination (R2) 
value, which is a statistical measure that represents the proportion 
of the variance for a dependent variable that is explained by 
an independent variable or variables [36]. The adjusted and 
predicted R2 values obtained from statistical analysis are 0.9638 
and 0.8851 respectively, as presented in the model summary 
statistics in Table 6. Also, from Table 6, it is seen that higher R2 
values were observed in the cubic model than other models. For 
response surface analysis, the cubic model is aliased and hence 
cannot be used to describe a process. The quadratic model gave 
better R2 values than the 2FI (two factor interaction) and linear 
sources of the model, making the quadratic model the best model 
which describes the TOC adsorption from the studied produced 
water.
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Figure 6: Predicted vs actual plot of TOC adsorption.

Table 6: Model summary statistics.

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS  

Linear 21.1695 0.1322 -0.0306 -0.5241 12592.84  

2FI 17.1404 0.5377 0.3244 0.0071 8203.371  

Quadratic 3.9664 0.981 0.9638 0.8851 949.6169 Suggested

Cubic 2.9065 0.9939 0.9806 0.9911 73.9285 Aliased

To further analyse the amount of TOC adsorbed statistically, 
ANOVA was carried out on the data obtained. Table 7 gives the 
ANOVA of the amount of TOC adsorbed from produced water 
by the adsorbent blend. P-values less than 0.05 indicates model 

terms/factors that are significant i.e., change in the factor leads 
to a corresponding change in the amount of TOC adsorbed at a 
significant level of 5%.

Table 7: ANOVA of TOC adsorption.

Source Sum of Squares Df Mean Sum of Squares F-value P-value

Model 8104.94 9 900.549 57.2432 0.0000*

A 474.11 1 474.11 30.1367 0.0003*

B 605.947 1 605.947 38.5169 0.0001*

C 11.8441 1 11.8441 0.7529 0.4059

AB 204.02 1 204.02 12.9685 0.0048*

AC 3104.72 1 3104.72 197.351 0.0000*

BC 42.32 1 42.32 2.6901 0.132

A² 3265.18 1 3265.18 207.55 0.0000*

B² 314.079 1 314.079 19.9644 0.0012*

C² 79.4419 1 79.4419 5.0497 0.0484*

Residual 157.32 10 15.732   

Lack of fit 106.64 5 21.3279 2.1042 0.2168

Pure error 50.6803 5 10.1361   

Cor. Total 8262.26 19    

*=significant.
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As shown in Table 7, a high model f-value of 57.2432 and a 
very low p-value of 0.0000 obtained indicates that the model 
term is highly significant. Among the main factors, adsorbent 
dosage and contact time with low p-values < 0.05 (0.0003 and 
0.0001 respectively) had a significant effect on the amount of TOC 
adsorbed from produced water using the adsorbent blends, while 
the effect of temperature (p-value of 0.4059 > 0.05) did not have 
any significant effect on the amount of TOC adsorbed. Among the 
interaction variables, AB and AC had significant effects on the 
amount of TOC adsorbed while BC was insignificant. All quadratic 
factors (A2, B2 and C2) had a significant effect on the amount of 
TOC adsorbed with p-values less than 0.05, however, the C2 was 
only slightly significant. It is important to note that the p-value 
of the lack of fit was found to be insignificant with a high value of 
0.2168, which is desirable for an appropriate model fit.

Furthermore, the empirical model showing the relationship 
between the variables considered in coded form is given in Eq. 4.

2 2 2 99.16 5.89 6.66 0.93 5.05 19.70 2.30 15.05 4.67 - 2.35                       (4)TOC Value A B C AB AC BC A B C= + − + − − − + +
2 2 2 99.16 5.89 6.66 0.93 5.05 19.70 2.30 15.05 4.67 - 2.35                       (4)TOC Value A B C AB AC BC A B C= + − + − − − + +

According to literature [37,38], when an independent variable 
has a positive sign in a regression equation, it means that an 
increase in the variable will cause an increase in the response 
while a negative sign will result in a decrease in the response. 
Among the main factors, adsorbent dosage and temperature had 
positive effects on the amount of TOC adsorbed while contact time 
had a negative effect. All interaction factors had negative effects 
on the amount of TOC adsorbed. The quadratic factors (A2 and B2) 
had positive effects on the amount of TOC adsorbed while C2 had 
negative effect. The model can be further described using the fit 
statistic given in Table 8.

Table 8: Fit statistics of model.

Parameter Value

Standard deviation (mg/g) 3.9664

Mean (mg/g) 111.025

C.V (%) 3.5725

R² 0.981

Adjusted R² 0.9638

Predicted R² 0.8851

Adequate precision 22.2213

The coefficient of variation (C.V) of 3.5725% is within the 
acceptable range, since CV is a measure of expressing standard 
deviation as a percentage of the mean, the small values of CV gives 
better reproducibility. In general, a high CV indicates that variation 
in the mean value is high and does not satisfactorily develop an 
adequate response model [39,40]. The coefficient of regression 
R2 was used to validate the fitness of the model equation. Table 
8 gives an R2 of a high value of 0.9810, which shows that about 

98% of the variability in the amount of TOC adsorbed by the 
variables considered can be explained by the model. There is also 
a reasonable agreement between the adjusted R2 (0.9638) and 
the predicted R2 (0.8851) values, which shows that the model (in 
Eq. 4) reasonably predicted the TOC adsorption process using a 
quadratic polynomial. Adequate precision measures the signal to 
noise ratio, and a ratio greater than 4 is desirable. The ratio of 
22.2213 indicates an adequate signal [37]. This indicates that the 
model can be used to navigate the design space. Based on these 
findings, the effect of variables interaction on the amount of TOC 
adsorbed can be further analysed, as discussed in the next section.

Effects of the interaction of variables on amount of TOC 
adsorbed

The effects of the interaction of variables on the amount of TOC 
adsorbed from produced water by the adsorbent blend are shown 
in Figure 7a-7c. Figure 7a shows the effect of the interaction of 
adsorbent dosage and contact time (AB) on the amount of TOC 
adsorbed by the composite adsorbent. As displayed in the plot, 
an increase in the adsorbent dosage leads to an increase in the 
amount of TOC adsorbed by the composite adsorbent, while, 
increase in the contact time lead to decrease in the amount of 
TOC adsorbed. Contact time had a more dominant effect than 
the adsorbent dosage. The concurrent increase in the adsorbent 
dosage and contact time leads to a decrease in the amount of 
TOC adsorbed by the adsorbent. Figure 7b depicts the effect of 
the interaction of adsorbent dosage and temperature (AC) on 
the amount of TOC adsorbed by the composite adsorbent. From 
the plot, it is observed that at constant temperature, increase 
in adsorbent dosage leads to increase in the amount of TOC 
adsorbed by the adsorbent while at constant adsorbent dosage, 
increase in temperature also lead to increase in the amount of TOC 
adsorbed. Adsorbent dosage had a more dominant effect than 
temperature. The concurrent increase in adsorbent dosage and 
temperature lead to a decrease in the amount of TOC adsorbed 
by the adsorbent. Figure 7c shows the effect of the interaction of 
contact time and temperature on the amount of TOC adsorbed by 
the composite adsorbent. From the plot, at constant temperature, 
increase in contact time lead to decrease in the amount of TOC 
adsorbed while at constant contact time, increase in temperature 
lead to increase in the amount of TOC adsorbed. The effect of 
contact time is more dominant than that of temperature. The 
concurrent increase in the contact time and temperature lead to a 
decrease in the amount of TOC adsorbed by the adsorbent blend.

Optimization of TOC adsorption

The desirability ramp showing the optimal conditions 
of variables is shown in Figure 8. A numerical optimization 
technique using desirability functions was employed to optimise 
the response (amount of TOC adsorbed) from produced water by 
the adsorbent blend. The objective of the optimization was to find 
the best settings that maximise the amount of TOC adsorbed in the 
process using a desirability value, where 0 1d≤ ≤ . The value of 
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d increases as the desirability of the corresponding response 
increases. The variable settings with maximum desirability are 
considered to be the optimal parameter conditions. The achieved 
maximum desirability of 1.000 means that it is possible to reach 
the maximum amount of TOC adsorbed target. The maximum 

amount of TOC adsorbed in the adsorption process predicted 
was 150.020mg/g. This was achieved using an adsorbent 
dosage of 0.79g ZA (0.29g CSAC), contact time of 80.52mins, 
and a temperature of 32.01°C. Figure 8 shows the numerical 
optimization ramp of the TOC adsorption process which gives 
credence to the obtained result.

Figure 7: Effect of interaction of variables on the amount of TOC adsorbed (a) interaction of adsorbent dosage and contact time, 
(b) interaction of adsorbent dosage and temperature and (c) interaction of contact time and temperature.

Figure 8: Desirability ramp of TOC adsorption.

Amount of TSS adsorbed

As shown in Table 5, the amount of TSS adsorbed ranged from 
0.41 to 1.76mg/g of the adsorbent blend. The maximum amount 
of TSS adsorbed was achieved at an adsorbent dosage of 0.99g.
ZA (0.01 CSAC), contact time of 180mins and temperature of 
40°C, while the minimum amount of TSS adsorbed was achieved 

at an adsorbent dosage of 0.50 g.ZA (0.50 CSAC), contact time 
of 180mins and temperature of 40°C. This indicates that the 
adsorbent blend with the highest amount of ZA was more effective 
for TSS adsorption from the studied produced water. To compare 
the actual TSS adsorbed with the predicted TSS adsorbed (using 
RSM), a plot was made as depicted in Figure 9.
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Figure 9: Predicted vs. actual plot of TSS adsorption.

All points were close to the regression line, which indicates 
a strong positive linear correlation between the actual and 
predicted values of the amounts of TSS adsorbed. This implies 
that the experimental values of the amount of TSS adsorbed are in 
reasonable agreement with the predicted values, thereby giving 
credence to the actual/experimental results. The close correlation 
observed in Figure 9 can be further described by the closeness 
of the adjusted and predicted R2 values of 0.9755 and 0.9072 

respectively in the model summary statistics presented in Table 
9. Also from Table 9, higher R2 values were observed in the cubic 
model than other models. For response surface analysis, the cubic 
model is aliased and hence cannot be used to describe a process. 
The quadratic model gave better R2 values than the 2FI (two-
factor interaction) and linear sources of the model, making the 
quadratic model the best model that describes the TSS adsorption 
from the studied produced water.

Table 9: Model summary statistics.

Source Standard Deviation R2 Adjusted R2 Predicted R2 PRESS  

Linear 0.4461 0.102 -0.0664 -0.4436 5.1183  

2FI 0.4456 0.2719 -0.0641 -0.7562 6.2269  

Quadratic 0.0676 0.9871 0.9755 0.9072 0.3289 Suggested

Cubic 0.0493 0.9959 0.987 0.646 1.2551 Aliased

To further analyse the amount of TSS adsorbed statistically, 
ANOVA was carried out on the data obtained. Table 10 gives the 
ANOVA of the amount of TSS adsorbed from produced water by 
the adsorbent blend at a significant level of 5%.

As presented in Table 10, model F-value of 85 and a very small 
p-value < 0.0001 showed that the model term is highly significant. 
All factors (main, interaction, and quadratic factors) with p-values 
< 0.05 were found to have significant effects on the amount of 
TSS adsorbed from produced water by the adsorbent blend. The 
p-value of the lack of fit was found to be insignificant with a high 
value of 0.0734, which is desirable for an appropriate model fit.

Furthermore, the empirical model showing the relationship 
between the variables considered in coded form is given in Eq. 5.

2 2 2    0.4736 0.0681 0.1216 0.0841 0.1465 0.1535 0.1740 0.4084 0.0566 0.1356                       (6)mgAmount of TSS absorbed A B C AB AC BC A B C
g

 
= + − + + + + + + + 

 
2 2 2    0.4736 0.0681 0.1216 0.0841 0.1465 0.1535 0.1740 0.4084 0.0566 0.1356                       (6)mgAmount of TSS absorbed A B C AB AC BC A B C

g
 

= + − + + + + + + + 
 

From Eq. 5, it can be observed that all factors except contact 
time have positive effects on the amount of TSS adsorbed from 
produced water by the adsorbent blend of coconut shell and 
zeolite. Contact time had the highest significant effect on the 
amount of TSS adsorbed while adsorbent dosage had the least 
effect among the main factors. The fitness of the model (Eq. 5) can 
be further described using the fit statistics shown in Table 11.

From Table 11, the C.V was found to be 7.6538%, which is 
within the acceptable range. The coefficient of regression R2 for 
validating the fitness of the model gave a high value of 0.9871, 
which shows that about 99% of the variability in the amount of TSS 
adsorbed by the variables can be explained by the model given in 
Eq. 5. Furthermore, a reasonable agreement between the adjusted 
R2 and the predicted R2 values of 0.9755 and 0.9072 respectively 
(the difference is < 0.2) was observed, which shows that the model 
(in Eq. 5) reasonably predicted the TSS adsorption process using a 
quadratic polynomial. Adequate precision gave a ratio of 27.4719 
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which indicates an adequate signal, thereby giving credence for 
the model to be used to navigate the design space. Based on these 

findings, the effect of variables interaction on the amount of TOC 
adsorbed can be further analysed, as discussed in the next section.

Table 10: ANOVA of TSS adsorption.

Source Sum of Squares df Mean Square F-value p-value

Model 3.5 9 0.3889 85 < 0.0001*

A 0.0632 1 0.0632 13.82    0.0040*

B 0.2019 1 0.2019 44.14 < 0.0001*

C 0.0965 1 0.0965 21.09   0.0010*

AB 0.1717 1 0.1717 37.53   0.0001*

AC 0.1885 1 0.1885 41.2 < 0.0001*

BC 0.2422 1 0.2422 52.94 < 0.0001*

A² 2.4 1 2.4 525.31 < 0.0001*

B² 0.0462 1 0.0462 10.09    0.0099*

C² 0.265 1 0.265 57.93 < 0.0001*

Residual 0.0458 10 0.0046   

Lack of Fit 0.0368 5 0.0074 4.11 0.0734

Pure Error 0.009 5 0.0018   

Cor. Total 3.55 19    

*=significant.

Table 11: Fit statistics of model.

Parameter Value

Standard deviation (mg/g) 0.0676

Mean (mg/g) 0.8838

C.V (%) 7.6538

R² 0.9871

Adjusted R² 0.9755

Predicted R² 0.9072

Adequate precision 27.4719

Effects of the interaction of variables on amount of TSS 
adsorbed

The effects of the interaction of variables on the amount of 
TSS adsorbed from produced water by the adsorbent blend are 
shown in Figure 10a-10c. Figure 10a shows the effect of the 
interaction of adsorbent dosage and contact time on the amount 
of TSS adsorbed at a constant temperature. At constant adsorbent 
dosage, an increase in contact time led to a decrease in the amount 
of TSS adsorbed while an increase in adsorbent dosage at constant 
contact time leads to an increase in the amount of TSS adsorbed. 
The simultaneous increase in adsorbent dosage and contact 
time leads to an increase in the amount of TSS adsorbed. Figure 
10b shows the effect of the interaction of adsorbent dosage and 
temperature on the amount of TSS adsorbed at constant contact 
time. From the plot, at constant adsorbent dosage, increase in 
temperature lead to increase in the amount of TSS adsorbed 

while at constant temperature increase in adsorbent dosage lead 
to increase in the amount of TSS adsorbed. The simultaneous 
increase in adsorbent dosage and temperature lead to increase 
in the amount of TSS adsorbed. Figure 10c shows the interaction 
effect of contact time and temperature on the amount of TSS 
adsorbed at constant sorbent dosage. From the plot, at constant 
contact time, increase in temperature lead to increase in the 
amount of TSS adsorbed while at constant temperature increase 
in contact time lead to decrease in the amount of TSS adsorbed.

Optimization of TSS adsorption

Figure 11 shows the desirability ramp of the optimization 
TSS adsorption by the adsorbent blend. The achieved maximum 
desirability of 0.83 means that it is possible to a reach maximum 
of 83% amount of the TSS adsorbed target. The maximum 
amount of TSS adsorbed in the adsorption process predicted was 
1.579mg/g. This was achieved using an adsorbent dosage of 0.79 
ZA (0.21g CSAC), contact time of 279.89mins, and a temperature 
of 48.32°C [41,42].

Conclusion

The following conclusions were drawn from the adsorptive 
treatment of TOC and TSS in oilfield- produced water using an 
adsorbent blend prepared from coconut shell activated carbon 
and zeolite.

a) The adsorbent blend of coconut shell activated carbon 
and zeolite contain higher amounts of the metal oxides in the 
following order; SiO2 > Al2O3 > K2O > CaO > MgO. The BET surface 
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area, pore volume and pore size were found to be 428.2m2.g-1, 
0.24cm3.g-1 and 2.13nm respectively. The surface morphology of 
the adsorbent blend as revealed by the SEM micrograph showed 
a highly developed irregular pore structure which is due to 
chemical activation and/or presence of zeolite in the adsorbent. 
The functional group showed the presence of alkyne, quartz, 
alkene, and acid esters, while the XRD revealed a high crystalline 
structure of the adsorbent.

b) The point of zero charge of the adsorbent blend was 
found to be 4.9 which is acidic.

c) The physico-chemical properties of the produced water 
which showed a TOC and TSS values of 3590mg.l-1 and 52.34mg.l-1 
respectively, revealed that the water was contaminated according 

to the DPR permissible limits.

d) The actual maximum amount of TOC adsorbed in the 
adsorption process was 148.87mg.g-1. This was achieved at an 
adsorbent dosage of 0.99g. zeolite (0.01 CSAC), contact time of 
180mins and temperature of 40°C, while the actual maximum 
amount of TSS adsorbed in the adsorption process was 1.76mg.g-

1. This was achieved at an adsorbent dosage of 0.99 g.ZA (0.01 
CSAC), contact time of 180mins and temperature of 40. The actual 
amounts of TOC and TSS adsorbed via experiment were relatively 
close to the predicted values, thereby giving credence to the 
adsorption study.

e) Based on the statistical analysis using the response 
surface methodology, a quadratic model was developed.

Figure 10: Effect of interaction of variables on the amount of TSS adsorbed (a) interaction of adsorbent dosage and contact time, 
(b) interaction of adsorbent dosage and temperature and (c) interaction of contact time and temperature.

Figure 11: Desirability ramp of TSS adsorption.
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