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Abstract 
The goal of this work is to improve the simultaneous removal of Pb2+, Cu2+, 
Zn2+, and Cd2+ ions from synthetic wastewater in a fixed bed column by incor-
porating sodium dodecyl sulfate (SDS) onto the surface of activated carbon 
made from coconut shells. The activated carbons were characterized using 
Fourier transform infrared spectroscopy (FT-IR) and scanning electron mi-
croscopy-energy dispersive x-ray (SEM-EDX). The adsorption column dy-
namics were studied by varying the flow rates (5, 10 and 15 mL/min), bed 
heights (10, 15 and 20 cm), and initial concentrations (50, 150, and 250 mg/L). 
The activated carbon has a pore volume of 0.715 cm3/g and a BET-specific 
surface area of 1410 m2/g. Sodium dodecyl sulfate (SDS) surfactant incorpo-
ration onto the surface of the activated carbon enhances its capacity for sim-
ultaneous adsorption of Pb2+, Cu2+, Zn2+, and Cd2+ from the aqueous medium. 
The affinity of the heavy metals to both unmodified (AC) and modified (AC-
SDS) activated carbons followed the order of Pb2+ > Cu2+ > Zn2+ > Cd2+. The 
dynamic adsorption of the column depends on the flow rate, bed height, initial 
metal concentration, and SDS surface modification. With a 5 mL/min flow 
rate, a 20 cm bed height, and a 50 mg/L initial metal concentration, a maxi-
mum break-through time of 150 minutes for the unmodified activated carbon 
(AC) and 180 minutes for the SDS-modified activated carbon (AC-SDS) was 
reached. 
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1. Introduction 

The discharge of untreated sewage and industrial effluent containing heavy metals 
into water bodies has resulted in various health and environmental issues and a 
reduction in the quantity and quality of freshwater available for domestic, agri-
cultural, and industrial purposes [1]-[3]. Conventional wastewater treatment 
technologies such as ion-exchange, chemical precipitation, evaporation, mem-
brane separation, electrochemical treatment, and reverse osmosis have limitations 
including lack of specificity and inefficiency at low concentrations, membrane foul-
ing caused by slightly soluble components, large footprint requirements, sludge de-
watering facilities, the need for highly skilled operators, and high costs [1] [3]-[5]. 
Consequently, there is a need for a cost-effective and efficient water treatment 
technology that can be readily scaled up for commercial production [4] [6]. 

Adsorption using activated carbon could be used as an alternative wastewater 
treatment technique because it is easier to install, requires less operation and 
maintenance costs, and is available as a cheap adsorbent [7]. The most preferred 
one is granular activated carbon adsorption. Unlike powdered activated carbons, 
granular activated carbons possess superior mechanical qualities and can be easily 
separated from treated water due to their larger and harder nature [7] [8]. How-
ever, compared to powdered activated carbon, the adsorption capacity of granular 
activated carbon for heavy metals is relatively lower due to the fewer active bind-
ing sites (surface functional groups) for such contaminants. 

Activated carbon’s capacity to adsorb cations has been improved through the 
use of numerous functional and surface modification techniques. These consist of 
surface modification [9]-[12] and chemical or physical treatment [13]-[15]. The 
surfactant surface modification (impregnation) method is one of the techniques 
that significantly increase activated carbons’ capacity to adsorb heavy metals in-
cluding chromium, cadmium, and zinc [16]-[18]. 

Furthermore, in batch studies [18] [19] and fixed column study [20], the incorpo-
ration of surfactant to the surface of activated carbons has been reported to exhibit 
higher adsorption capacities than unmodified ones for the adsorption of a single so-
lution of cationic heavy metals; however, the actual wastewater is typically a mixture 
of multiple metals. Competitive adsorptions of multiple heavy metals onto surfactant-
modified activated carbon in a fixed or expanded column have not been widely studied. 

The aim of this work is to examine the capacity of both unmodified and modi-
fied activated carbon with sodium dodecyl sulfate (SDS) to adsorb Pb2+, Cu2+, 
Zn2+, and Cd2+ simultaneously from an aqueous solution. FT-IR, SEM, and BET 
surface area analyzers were used to characterize the adsorbents. The dynamics of 
the fixed bed column were investigated in relation to flow velocity, bed height, 
and initial metal concentration. 

2. Materials and Method 
2.1. Materials 

The chemicals used in this study were of analytical grade. Sulphuric acid, H2SO4 
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(>99%), phosphoric acid, H3PO4 (>99%), sodium hydroxide solution, NaOH 
(>99%), Pb(NO3)2, CuSO4∙5H2O, lead (II) nitrate, Pb(NO3)2 (99.5%), copper sulfate 
pentahydrate, CuSO4∙5H2O (99.5%), zinc (II) sulfate heptahydrate, ZnSO4∙7H2O 
(99.5%), cadmium chloride monohydrate, CdCl2∙H2O (99.5%), sodium dodecyl 
sulphate (SDS), Whatman® filter papers, distilled water were obtained from Ad-
vanced Organic Laboratory, SHESTCO, Sheda, Kwali, Abuja, Nigeria. 

2.2. Collection and Preparation of Coconut Shell 

The carbon adsorbents were made using coconut shells that were procured from 
a local vendor at Ibrahim Badamosi Babangida Market in Suleja, Niger State, Ni-
geria. To get rid of any contaminants, the coconut shells were carefully cleaned 
with distilled water. Then it was sun-dried for 8 - 10 hours to promote crushing 
and grinding. The dried coconut shells were crushed using a hand crusher, while a 
grinding machine was used to turn them into a fine powder. An electronic sieve was 
used to filter the resulting ground powder, and only powder with a particle size of 
less than 150 m was chosen to be used in the creation of the activated charcoal. 

2.3. Physicochemical Analysis of the Produced Activated Carbon 

The physicochemical analyses of the activated carbon produced were conducted 
to determine its properties like BET surface area, pore volume, ash content, mois-
ture content, volatile content and fixed carbon as listed in Table 1. 

 
Table 1. Physicochemical properties of the activated carbon produced. 

S/N Properties Activated carbon (AC) 

1 BET surface area 1410 m2/g 

2 Pore volume 0.715 cm3/g 

3 Ash Content 5 wt% 

4 Moisture content 8 wt% 

5 Volatile matter 13 wt% 

6 Fixed carbon 74 wt% 

2.4. Preparation of Adsorbent 

Adsorbent was prepared by chemical carbonization of the coconut shell. A phos-
phoric acid aqueous solution (98% m/m) was prepared in the volumetric ratio 
63:37, phosphoric acid: water [21] [22]. This mixture was thoroughly mixed in a 
40/60 (mass/volume) ratio with coconut shells feedstock and it was allowed to 
undergo drying overnight at 45˚C. The hydrolytic solid was pyrolyzed at 350˚C 
for 30 min followed by an increase of temperature to 480˚C for an additional 1 h 
to produce carbon char. The resulting char was then washed with distilled water 
containing 0.15% formic acid and then washed severally with distilled water [1] 
[23]. The resulting mixture was filtered using Whatman filter paper (pore size: 
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0.45 μm) until free of activator as indicated by silver nitrate test. Finally, the char-
coal was dried at 110˚C for 2 h and then weighed to determine the activated car-
bon yield. The solid obtained was designated as activated carbon (AC) and then 
stored in plastic bottles to prevent adsorption of dust, moisture and other particles 
from the atmosphere [3] [24]. The percentage yield was calculated using Equation 
(1). 

Percentage yield 100%Wa
Wp

= ×                   (1) 

where: 
Wa is the mass of activated charcoal and Wp is the mass of precursor. 

2.5. Modification with Surfactant 

A 10.1 g of SDS was dissolved in 1000 mL of distilled water to produce 10 g/L of 
standard SDS solution. Subsequent lower SDS concentration was prepared by the 
diluting standard SDS solution. Modification was carried out by treating, 5 g of 
adsorbent (AC) with 100 mL solution of anionic surfactant at 1.5 mol/L corre-
spond to 1.5 Critical Micelle Concentrations (CMC). This 1.5 CMC was selected 
to maximize the amount of surfactant adsorbed onto the AC. The sample was 
placed and allowed to agitate in a temperature controlled orbital shaker at 160 
rpm, for 6 hr. The sample was filtered by Whatman filter paper (0.42 µm) without 
rinsing and then dried in an oven overnight at 110˚C [18] [25]. Finally, SDS mod-
ified AC obtained and labelled as AC-SDS. SDS was selected amongst others for 
this research work due to its low cost, availability and effectiveness [25] [26]. 

2.6. Determination of the Point of Zero Surface Charge of the  
Adsorbents 

The point of zero surface charge (pHPZC) for the adsorbents was calculated using 
the procedure outlined by Kandah et al. [27]. 100 mL of a 0.01 M KNO3 solution 
was placed in five conical flasks with a capacity of 250 mL each. The initial pH of 
the solutions in the flasks was adjusted to 2, 4, 6, 8, and 10 by adding appropriate 
amounts of 0.1 M HCl or 0.1 M NaOH solutions. Subsequently, 0.2 g of the spec-
ified adsorbent was introduced into each flask and agitated for 48 hours at 30˚C. 
The final pH of the mixture was measured and recorded after 48 hours using a pH 
meter. The difference between initial and final pH (∆pH = pHi − pHf) values was 
calculated. ∆pH was plotted against the corresponding pHi, as shown in Figure. 
The pHPZC for AC and AC-SDS were read off from the plot at a ∆pH of zero. 

2.7. Characterization of the Adsorbents and Metal Solutions 

For the determination of specific surface area and pore volume of the carbonized 
coconut shell without activation (CCS), activated carbon (AC) and surfactant-
modified carbon (AC-SDS), the Brunauer-Emmett-Teller (BET) method was 
adopted and for that purpose, a Micrometrics automatic surface area analyzer 
(Gemini 2360, Shimadzu, Japan) was used. The concentrations of the lead, copper, 
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zinc and cadmium ions in the synthetic multiple metal solutions adsorption were 
determined by using an atomic adsorption spectrophotometer (Perkin Elmer 
Model AAS 700). A portable pH meter (Hach) was used to determine the solu-
tion’s pH. The surface functional groups of the adsorbent were identified by the 
Fourier transform infrared spectroscopy (FTIR) (Bruker 3000 Hyperion, Ger-
many). Morphological analysis of the adsorbent was done by using the scanning 
electron microscope (SEM) (JELO JSM7600F) supported by EDXS (energy dis-
persive X-ray spectroscopy) (Oxford Aztec energy system). 

2.8. Preparation of the Stock Solution and Synthetic Wastewater 

Aqueous solution of synthetic multicomponent metal ions was used throughout 
this study to represent a simple model of effluent containing heavy metals (Lead-
Pb, Copper-Cu, Zinc-Zn, and Cadmium-Cd). The stock solution of 1000 mg/L 
was prepared for each metal ion (Pb2+, Cu2+, Zn2+, and Cd2+ ions) through the dis-
solution of an appropriate amount of the respective salt. Thus, for Pb: 1.60 g of 
lead (II) nitrate, Pb (NO3)2, for Cu: 3.90 g of copper sulfate pentahydrate, 
CuSO4∙5H2O, for Zn: 4.44 g of zinc (II) sulfate heptahydrate, ZnSO4∙7H2O, and for 
Cd: 1.80 g of cadmium chloride monohydrate, CdCl2. Each salt was weighed out, 
dissolved in deionized water, and made up to a final volume of 1.0 liters. The stock 
solutions were further diluted as per the required concentrations using Equation 
(2) and labeled as simulated wastewater (SWW-Pb, SWW-Cu, SWW-Zn, and 
SWW-Cd). 

1 1 2 2C V C V=                           (2) 

where: C1 is the concentration of the stock solution, V1 is the volume of stock 
required to make the expected working solution, C2 is the expected concentration 
of working solution and V2 is the volume of the working solution. 

For Zn, 4.44 g of zinc (II) sulfate heptahydrate, ZnSO4∙7H2O, was arrived at as 
follows: 

Molecular mass of ZnSO4∙7H2O = 65 + 32 + (4 × 16) + 7 (2 × 1 + 16) = 287 g 

Mass of Zn in ZnSO4∙7H2O = 65 g 

The mass of ZnSO4∙7H2O to be dissolved in 1000 mL of distilled water to pro-
duce 1000 mg/L of Zn stock solution is 287/65 = 4.415 g/0.995 (99.5% purity) = 
approximately 4.44 g. The same procedure was used for Pb, Cu, and Cd. 

2.9. Preparation of Mixed-Metal Ions Solution 

All the chemicals used for these experiments were sourced from Advanced Or-
ganic Chemistry Laboratory, SHESTCO, Sheda, Kwali, FCT, Abuja, and ensured 
that they were of analytical grade. In a multicomponent solution, the concentra-
tion of each component in the mixture was the same by adding an equal volume 
of 1000 mL each of the four metal ion stock solution prepared as outlined in Sec-
tion 2.8, which means that the final concentration of each of the cations in the 
solution was 250 mg/L. The mixture was further diluted to a desired concentration 
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using Equation (2) and designated as simulated wastewater (SWW). The final 
concentrations of each metal in the mixed metal solution after the adsorption ex-
periment were determined using an atomic absorption spectrometer (AAS). 

2.10. The Column Experiments 

The experimental set-up for continuous study was similar to Patel’s [2], as shown 
in Figure 1. The column was made up of glass with a 300-mm high and 21-mm 
internal diameter. For a consistent flow of mixed metal solution and to avoid 
channeling, a glass bead layer 2 cm high was placed at the bottom of the column. 
After the glass bead, four sampling points at intervals of 5 cm were situated on the 
column’s wall for convenient collection of samples. A mixed metal solution was 
fed at specified flow rate through a peristaltic pump into the column using bot-
tom-to-top mode [2]. Glass wool was placed on the bottom and top of the column 
to keep the adsorbents in place. The residual concentration of lead, copper, zinc, 
and cadmium in the outlet stream from the adsorbent column setup was sampled 
and analyzed at regular intervals (30 minutes) of 50 mL of effluent volume using 
the atomic absorption spectrometer (AAS) machine [2] [3]. 

Prior to loading of the adsorbents in the column, the adsorbents were soaked 
in distilled water, washed and decanted 4 times, to remove fine particles from 
causing pressure drop in the column. The adsorbents after drying at 110˚C, were 
then packed in the column to a known height depending on the column parameter 
varied at a point in time, then filled with distilled water and kept submerged before 
loading the column with the pollutant, to avoid air entrapment in the bed and 
prevent channeling that would lower bed utilization as explained by Goel et al. 
[1]. 

 

 
Figure 1. Schematic diagram of the column used in the adsorption study, Source [2]. 
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2.10.1. Effect of Flow Rate (Q) 
The flow rates were varied at 5, 10, and 15 mL/min to examine its effect on the 
amount of heavy metal adsorbed by the AC or AC-SDS. The bed height and inlet 
concentration were kept constant at 20 cm and 250 mg/L, respectively. 

2.10.2. Effect of Bed Height (Z) 
The bed heights were varied at 10, 15, and 20 cm to examine its effect on the 
amount of heavy metal adsorbed by the AC or AC-SDS. The flow rate and inlet 
concentration were kept constant at 5 mL/min and 250 mg/L, respectively. 

2.10.3. Effect of Initial Inlet Concentration (Co) 
The initial inlet concentrations were varied at 50, 150, and 250 mg/L to examine 
its effect on the amount of heavy metal adsorbed by the AC or AC-SDS. The bed 
height and flow rate were kept constant at 20 cm and 5 mL/min, respectively. 

2.11. Parameters of the Breakthrough Curve 

The residual metal concentration in the outlet stream of the AC and AC-SDS ex-
panded bed were used to plot the breakthrough curve by plotting fractional ratio, 
equation (3) against adsorption time (min) [28]. 

t

o

C
f

C
=                            (3) 

where Ct is the residual metal concentration the outlet stream and Co is the con-
centration of the metal in the feed solution. The breakthrough parameters and the 
formula for its determination are listed in Table 2. 

 
Table 2. Breakthrough parameters, Patel [2] with little modifications 

S/N Breakthrough parameters Formula Reference 

1. Breakthrough time ( bt ) Time at 0.1t

o

Cf
C

= =  [2] 

2. Exhaust time ( et ) Time at 0.9t

o

C
C

=  [2] 

3. Breakthrough volume ( bV ) ( )Flow rateb bV t Q= ×  [2] 

4. Exhaust volume ( eV ) ( )Flow ratee eV t Q= ×  [2] 

5. Mass transfer zone moving time ( tδ ) 
Flow rate

e bV Vtδ
−

=  [2] 

6. Adsorption capacity at ( 0.5  t ) (mg/g) 0.5
0.5@ o

e
t QCq t

m
=  [2] 

7. Height of MTZ ( MTZH ) ( )e b
MTZ

e

Z t t
H

t
−

=  [2] 

8. MTZ moving rate ( ZU ) MTZ
Z

HU
tδ

=  [2] 

https://doi.org/10.4236/jeas.2024.121001


M. A. Olatunji et al. 
 

 

DOI: 10.4236/jeas.2024.121001 8 Journal of Encapsulation and Adsorption Sciences 
 

3. Results and Discussion 
3.1. Characterization of the Coconut Shell and the Adsorbents 
Scanning Electron Microscopy (SEM) 
The characterization of the raw coconut shell (RCS), the carbonized coconut shell 
(CCS), the activated carbon before adsorption (ACB), the surfactant modified ac-
tivated carbon before adsorption (AC-SDSB), activated carbon after adsorption 
(ACA), and the surfactant modified activated carbon after adsorption (AC-SDSA) 
was studied using SEM micro grip has shown in Figures 2(a)-(f) respectively. The 
SEM image enables the direct observation of the changes in the surface micro-
structures of the carbons due to the modifications as well as the morphology char-
acter of the coconut shell. Figure 2(a) (RCS) shows a rough surface with visible 
pores and irregular shapes and Figure 2(b) (CCS) shows a smoother surface with 
fewer visible pores, indicating that the coconut shell has been treated at high tem-
perature resulting in a reduction in its surface area. 

 

 
Figure 2. SEM Analysis of (a) Raw Coconut shell (RCS); (b) Carbonized coconut shell 
(CCS); (c) Activated carbon before adsorption (ACB); (d) SDS-modified activated carbon 
before adsorption (AC-SDSB); (e) Activated carbon after adsorption (ACA) and (f) SDS-
modified Activated carbon after adsorption (AC-SDSA). 

 
Figure 2(c) (ACB) shows a highly porous structure with small pores and a large 

surface area, which is ideal for adsorption and these pores are filled by Pb2+, Cu2+, 
Zn2+, and/or Cd2+ observed in Figure 2(e) (ACA). In Figure 2(d) (AC-SDSB), 
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there is obvious demarcation in the surface morphology of (ACB) after treatment 
with surfactant which shows a modified surface structure, which has been treated 
with SDS surfactant resulting in a smoother and more uniform surface and these 
surfaces are filled by metal ions as depicted in Figure 2(f) (AC-SDSA). This mod-
ification is intended to increase the net surface charge of the activated carbon to 
negative for efficient removal of the positive heavy metal ions from the aqueous 
media. 

3.2. Fourier Transform Infrared Spectroscopy (FT-IR)  
Analyses for Samples 

The FTIR spectra of RCS, CCS, AC and AC-SDS before and after adsorption of 
metal ions were analyzed in the range of 650 - 4000 cm−1, and different functional 
groups on their surfaces were assigned to the observed peaks (Table 3 and Table 
4). The results revealed absorption peaks corresponding to various functional 
groups or vibration modes, including O–H and N–H bonds stretching, C=O bond  

 
Table 3. FTIR band assigned to the produced samples before the adsorption process. 

Frequency 
(cm−1) 

Functional group/Assignment 
Observed frequency (cm−1) 

RCS CCS ACB AC-SDSB 

4000 - 3500 Alcohols (O-H stretch)   3906.25  

3499 - 3000 
900 - 650 

Amines, amides 
(N-H stretch) 

3287.51 
764.10, 853.56 

 
868.46 - 749.19 

3287.51, 3138.41 
890.83 - 738.01 

3280.05 - 3019.14 
872.19 - 693.28 

2700 - 2500 
2499 - 2000 
1320 - 1210 

Carboxylic acids 
(O-H stretch) 

 
2370.58 - 2117.12 

 

 
 

1241.20 

 
2374.31, 2325.85 

1230.02 

2657.59 
2374.31, 2322.13 

 

 Carbonyls 

1650 - 1600 Ketones (C=O stretch) 1636.30    

2800 - 2700 
1740 - 1725 

Aldehydes (C=O stretch)    
 

1736.93 

1750 - 1700 Esters (C=O stretch)     

1610 - 1550 
1420 - 1300 

Carboxylic acid (C=O stretch) 
 

1330.65, 1420.11 
 

1561.75 
1558.02 
1394.02 

1561.75 
1364.20 

 Aliphatic groups 

2970 - 2950 
2880 - 2860 
1470 - 1430 

Alkenes 
(=-CH3 stretch) 

2922.23 
 

1457.38 
 

 
 

1457.38 
 

1600 - 1500 Alkenes (C=C stretch) 1509.57    

770 - 730 Alkyne (-C-H stretch) 764.10 749.19 738.01 745.46 

Sulfonyl group 

700 - 900 
1350 - 1450 

Sulfonate (S–O–C) 
Sulfone (S=O) 

   
1353.02 - 1449.83 
700.73 - 898.28 
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Table 4. FTIR band assigned to the produced samples after adsorption processes. 

Frequency 
(cm−1) 

Functional group/Assignment 
Observed frequency (cm−1) 

ACA AC-SDSA 

4000 - 3500 Alcohols (O-H stretch)  3947.25 - 3585.69 

3499 - 3000 
900 - 650 

Amines, amides (N-H stretch) 
3403.05, 3302.42 
875.92 - 689.55 

3321.05, 3026.59 
872.19 - 745.46 

2700 - 2500 
2499 - 2000 
1320 - 1210 

Carboxylic acids (O-H stretch)  
2370.58, 2340.76 

1215.11 

Carbonyls 

2800 - 2700 
1740 - 1725 

Aldehydes (C=O stretch)  2780.59 

1750 - 1700 Esters (C=O stretch)  1699.66 

1610 - 1550 
1420 - 1300 

Carboxylic acid (C=O stretch) 
1558.02 

1420.11, 1364.20 
1558.02 
1364.20 

Aliphatic groups 

2970 - 2950 
2880 - 2860 
1470 - 1430 

Alkenes (=-CH3 stretch)  
2877.50 
1457.38 

770 - 730 Alkyne (-C-H stretch) 752.92 745.46 

 
stretching, and –COOH groups are on the surfaces of the samples. These carbox-
ylic, carbonylic and phenolic acid groups are known to create adsorbent surface 
charge that favours metal adsorption. For activated carbon before adsorption 
(ACB)’s spectra (Figure 3), the broad bonds at 3138.41 cm−1, 3287.51 cm−1and 
3906.25 cm−1 were assigned to O–H and N–H bonds stretching [22] [29]. The ab-
sorption peaks at 1394.02 cm−1 and 1558.02 cm−1were assigned to stretching vi-
bration of C=O bond. The bounds observed in the range of 2325.85 cm−1 and 
2374.31 cm−1 indicated the presence of –COOH groups on ACB surface [2] [25]. 
These carboxylic, carbonylic and phenolic acid groups noticed on the RCS, CCS, 
AC and AC-SDS have been reported in literatures to cause adsorbent surface 
charge which favours metal adsorption [1] [4] (Goel et al., 2005; Fatimah et al., 
2017). In addition, the absorption peaks at 1457.38 cm−1 and 1129.38 cm−1 were 
corresponded to N–O bond and C–O bond, respectively [1] [25] [30]. 

Almost all peaks found on ACB were also observed with little shifts on the spec-
trum of AC-SDSB before metal ions adsorption, as shown in Figure 4. However, 
some other peaks appeared in the spectrum of AC-SDSB when it was modified 
with SDS. The absorption bonds at wave number values ~2657.59 cm−1 and 
~1736.93 cm−1 were attributed to –CH2 and C=C bonds, respectively. Herein, –
CH2- group is due to the alkane groups which comes from SDS [25] [31]. In ad-
dition, the peaks at around 1350 - 1450 cm−1 and 700 - 900 cm−1 were attributed 
to the S=O (Sulfone or sulfonyl group) and S–O–C (sulfonate or sulfonic acid ester 
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group) bonds, respectively which were from polar head group of SDS [25]. These 
results clearly indicated that SDS was successfully incorporated into the AC struc-
ture [6] [26]. 

For AC-SDSA after metal ion adsorption (Figure 4), functional groups such as 
–CH2 (1699.66 cm−1), N–O (1457.38 cm−1) and C–O (1032.47 cm−1) were affected 
by metal ions adsorption. Furthermore, the intensity absorption of the peak of 
745.46 cm−1 which was assigned to the C–H bond was reduced remarkably after 
the adsorption of metal ions [31]. As can be seen in Figure 4, the absorption peaks 
belonged to S=O and S–O–C bonds did not appear in the AC-SDSA spectra after 
adsorption process. This conforms to what was reported in the previous re-
searches [25] [31]. When compared to the spectrum of activated carbon after the 
adsorption (ACA), the absorption peak at 1215.11 cm−1 (attributed to C–O bond) 
was broader after metal ion adsorption, indicating that the adsorption of metal 
ions onto the AC’s surface was affected by these functional groups as presented in 
Table 4. 

The carboxyl and lactone functional groups improve the ion exchange proper-
ties of adsorbents [31]. The carbonyl, hydroxyl, carboxyl and amino functional 
groups which were confirmed to be present on the surface of both unmodified 
activated and SDS-modified activated carbon in the current study act as binding 
sites for the positively charged heavy metals in the aqueous medium. In addition, 
the SDS-modified activated carbon contain S=O and S–O–C sulfonyl functional 
groups which could provide enhanced adsorption capacity for the heavy metals. 

 

 
Figure 3. FT-IR spectra of raw coconut shell (RCS), carbonized coconut shell (CCS), 
H3PO4-activated carbon before adsorption (ACB) and after adsorption (ACA). 

 
Figure 3 compares the FTIR spectra of raw coconut shell (RCS), carbonized 

coconut shell (CCS), and H3PO4-activated carbon before adsorption (ACB). The 
broad peak at around 3500 cm−1 in all three spectra is due to the O-H stretching 
of adsorbed water molecules. The peak at around 2920 cm−1 corresponds to the 
C-H stretching vibration in the carbon materials. The presence of the peak at 
around 1720 cm−1 in the CCS and ACB spectra indicates the presence of carbonyl 
groups in the samples. The carbonyl peak is absent in the RCS spectrum. The 
peaks at around 1600 cm−1 and 1400 cm−1 correspond to the C=C and C-H 
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bending vibrations, respectively, and are more pronounced in the CCS and ACB 
spectra. 

Figure 3 shows the FTIR spectra of CCS, H3PO4-activated carbon before ad-
sorption (ACB), and after adsorption (ACA). The spectrum of ACA shows a de-
crease in intensity of the peaks at around 1720 cm−1, indicating the removal of 
carbonyl groups upon adsorption. The peak at around 3420 cm−1 in the ACA spec-
trum corresponds to the O-H stretching vibration of surface hydroxyl groups, in-
dicating the presence of surface functional groups due to adsorption. 

 

 
Figure 4. FT-IR spectra of H3PO4-activated carbon before adsorption (ACB), H3PO4-acti-
vated carbon after adsorption (ACA), surfactant-modified AC before (AC-SDSB) and after 
adsorption (AC-SDSA). 

 
Figure 4 shows the FTIR spectra of H3PO4-activated carbon before (ACB) and 

after adsorption (ACA), surfactant-modified AC before (AC-SDSB) and after ad-
sorption (AC-SDSA). The spectra of AC-SDSB and AC-SDSA show a new peak at 
around 2850 cm−1, which corresponds to the C-H stretching vibration in the sur-
factant molecule. This peak is absent in the ACB spectrum, indicating the success-
ful modification of the activated carbon with the surfactant. The peak at around 
3420 cm−1 in the AC-SDSA spectrum indicates the presence of surface hydroxyl 
groups due to adsorption. 

3.3. Net Surface Charge of the Activated (AC) and  
Modified Activated (A-SDS) Carbons 

Figure 5 shows the net surface charge of the AC and AC-SDS as the initial pH of 
the solution varied from 2 to 10. The figure clearly shows that the net surface 
charge for both adsorbents changed from positive to negative as the pH increased. 
The net surface charge on the AC-SDS became zero at a pH of 5.4, while that of 
the AC attained zero at a pH of 5.6. Each adsorbent’s net surface charge increases 
after reaching pHpzc, or the point of zero surface charge. SDS was bonded to the 
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surface of the modified activated carbon, thus the net negative surface charge of 
AC-SDS was always greater than that of AC. Additionally, prior studies have 
demonstrated that anionic surfactant modification increases the net negative sur-
face charge of virgin activated carbons, and as pH rises, the net negative surface 
charge of these carbons increases [6] [18] [25]. More binding sites are available to 
adsorb more positively charged heavy metals, such as Pb2+, Cu2+, Zn2+, and Cd2+ 
when there is an increase in the net negative surface charge on the activated car-
bons. This is why in this current study the modified activated carbon, AC-SDS, 
exhibits greater adsorption capacity for all the four heavy metals (Pb2+, Cu2+, Zn2+, 
and Cd2+) than the unmodified activated carbon, AC. 

 

 
Figure 5. Plot of net surface charge of the adsorbents versus initial pH. 

3.4. Column Performance 

Figures 6-14 show the concentration of each metal ion in the outlet stream plotted 
against the adsorption time. The illustrations depict the characteristic “S” form of 
a breakthrough curve; however, the breakthrough time, steepness, and exhaust 
(saturation) time differ for Pb2+, Cu2+, Zn2+, and Cd2+ ions individually. The sur-
face modification of the activated carbon by the SDS surfactant, flow rate, bed 
height, and initial metal concentration are the main causes of these differences. 

3.4.1. Effect of Flow Rate on the Adsorption of the Heavy Metal Ions 
Figure 6 shows the outlet heavy metal concentration against the adsorption time 
for 5 mL/min flow rate. For the unmodified activated carbon (AC), Cd2+ has the 
least affinity with 22.1% of its initial concentration appears in the outlet stream in 
60 min, followed by 11% of initial Zn2+ shows up in 60 min, 14.4% of initial Cu2+ 
appears in 90 min, while Pb2+ exhibits the highest affinity for the adsorbent, with 
13.2% of its initial concentration shows up in the outlet stream in 120 min. 

Similarly, Cd2+ exhibits the lowest affinity for the adsorbent when it comes to 
the modified activated carbon (AC-SDS); 10.5% of its initial concentration shows 
up in 60 minutes, followed by 15.4% of initial Zn2+ appears in 120 minutes, 13.9% 
of initial Cu2+ appears in 120 minutes, and 15% of initial Pb2+ shows up in 150 
minutes, making it have the highest affinity for the AC-SDS. In AC-SDS, as 
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opposed to AC, every metal displayed a greater break-through time, which indi-
cates a higher adsorption capacity than AC. This is because the AC has additional 
binding sites for the adsorption of heavy metals as a result of the incorporation of 
SDS into it. 

 

 
Figure 6. Breakthrough curves for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of flowrate (Q = 5 mL/min; C0 = 250 mg/L, Z = 20 
cm). 

 

 
Figure 7. Breakthrough curves for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of flowrate (Q = 10 mL/min; C0 = 250 mg/L, Z = 20 
cm). 

 
Figure 7 shows the outlet heavy metal concentration against the adsorption 

time for 10mL /min flow rate. For the AC, Cd2+ has the least affinity with 21.7% 
of its initial concentration appears in the outlet stream in 60 minutes, followed by 
14.5% of initial Zn2+ concentration shows up in 60 minutes, 17.3% of initial Cu2+ 
appears in 90 minutes, while Pb2+ exhibits the highest affinity for the adsorbent, 
with 11.4% of its initial concentration shows up in the outlet stream in 90 minutes. 
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In addition, Cd2+ exhibits the lowest affinity for the adsorbent when it comes to 
the SDS-AC; the outlet stream contains 12.7% of its initial concentration in 
60minutes, 10.2% of initial Zn2+ in 90 minutes, 12.8% of initial Cu2+ in 90 minutes, 
and 10.8% of initial Pb2+ in 120 minutes, making it have the highest affinity for 
the AC-SDS. Every metal displayed a greater breakthrough time in AC-SDS than 
AC. This is because the AC has additional binding sites for the adsorption of heavy 
metals as a result of the incorporation of SDS into AC. 

Figure 8 shows the outlet heavy metal concentration against the adsorption 
time for 15 mL/min flow rate. For the AC, in 30 minutes, 18.2% of initial Zn2+ 
concentration, 14% of initial Cd2+ concentration, and 10.9% of initial Cu2+ con-
centration shows up in 30 min, while 20.3% of initial Pb2+ concentration appears 
in the outlet stream. This shows Zn2+ has the least affinity for the adsorbent fol-
lowed by Cd2+ and Cu2+ and Pb2+ exhibits the highest affinity for the adsorbent. 

For the AC-SDS adsorbent, Cd2+ exhibits the lowest affinity, with 12.3% of its 
initial concentration showing up in 30 minutes, followed by 10.6% of initial Zn2+ 
appearing in 30 minutes, 16% of initial Cu2+, and 12.2% of initial Pb2+ appearing 
in 60 minutes, making Pb2+ have the highest affinity for the AC-SDS. In AC-SDS, 
as opposed to AC, every metal displayed a greater break time. This is because the 
AC-SDS has more binding sites for the adsorption of heavy metals due to the in-
corporation of SDS into the AC. 

 

 
Figure 8. Breakthrough curves for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of flowrate (Q = 15 mL/min; C0 = 250 mg/L, Z = 20 
cm). 

 
As shown in Figures 6-8, an increase in flow rates from 5 to 15 mL/min gener-

ally reduces the breakthrough time in both AC and SDS-AC for all the metals. 
Compared to the AC-SDS, the breakthrough time of the AC is lower. This is ex-
plained by the incorporation of SDS on the AC, which gives the heavy metals ad-
ditional binding sites. A rise in flow rate caused an increase in the amount of met-
als adsorbed onto the unit bed height (mass-transfer zone), which accelerated sat-
uration [32]. At a lower flow rate, adsorbate has more time to contact the 
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adsorbent, which results in a higher removal of adsorbate from the column [33] 
[34]. 

3.4.2. Effect of Bed Height on the Adsorption of the Heavy Metal Ions 
Figure 9 shows the outlet heavy metal concentration against the adsorption time 
for a 10 cm bed height. For the AC, in 30 minutes, 27.4% of the initial Cd2+ con-
centration, 24.3% of the initial Zn2+ concentration, 20.1% of the initial Cu2+ con-
centration, and 16.9% of the initial Pb2+ concentration appear in the outlet stream. 
That indicates that, in terms of affinity for the adsorbent, Pb2+ has the highest, 
followed by Cu2+ and Zn2+, while Cd2+ has the lowest. 

Similarly, for the AC-SDS, in 30 minutes, 19.7% of the initial Zn2+ concentra-
tion, 18.9% of the initial Cd2+ concentration, 16.7% of the initial Cu2+ concentra-
tion, and 13.3% of the initial Pb2+ concentration appear in the outlet stream. That 
means, with regard to affinity for the adsorbent, Pb2+ has the highest, followed by 
Cu2+ and Cd2+, while Zn2+ has the lowest. Again in AC-SDS as opposed to AC, 
every metal displayed a greater breakpoint. This is because the AC-SDS has more 
binding sites for the adsorption of heavy metals as a result of the incorporation of 
SDS on it on the AC. 

 

 
Figure 9. Breakthrough curve for simultaneous adsorption of heavy metals (Pb, Cu, Zn and 
Cd) onto AC and AC-SDS: Effect of bed height (Q = 5 mL/min; C0 = 250 mg/L, Z = 10 cm). 

 
Figure 10 shows the outlet heavy metal concentration against the adsorption 

time for a 15 cm bed height. For the AC, in 60 minutes, 10.2% of the initial Pb2+ 
concentration, 16.7% of the initial Cu2+ concentration, and 18.9% of the initial 
Zn2+ concentration appear in the outlet stream. In 30 minutes, 10.9 of the initial 
Cd2+ concentration appear in the outlet stream. With regard to affinity for the 
adsorbent, Pb2+ has the highest, followed by Cu2+ and Zn2+, while Cd2+ has the 
lowest. 

Similarly, for the AC-SDS, the outlet stream contains 14.2% of the initial Pb2+ 
concentration in 120 minutes, 12.6% of the initial Cu2+ concentration, and 18.5% 
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of the initial Cd2+ concentration in 90 minutes, while 10.4% of the initial Zn2+ 
concentration in 60 minutes. With regard to affinity for the adsorbent, Pb2+ has 
the highest, followed by Cu2+ and Cd2+, while Zn2+ has the lowest. All the metals 
displayed a greater breakthrough time in AC-SDS than AC. This is because the 
AC-SDS has extra binding sites for the adsorption of heavy metals as a result of 
the incorporation of SDS on AC. 

Figure 11 shows the outlet heavy metal concentration against the adsorption 
time for a 20 cm bed height. For the AC, in 120 minutes, 13.2% of the initial Pb2+ 
concentration, and 14.4% of the initial Cu2+ concentration appears in the outlet 
stream. In 60 minutes, 11% of the initial Zn2+ concentration, and 22.1% of the  

 

 
Figure 10. Breakthrough curve for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of bed height (Q = 5 mL/min; C0 = 250 mg/L, Z = 15 
cm). 

 

 
Figure 11. Breakthrough curve for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of bed height (Q = 5 mL/min; C0 = 250 mg/L, Z = 20 
cm). 
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initial Cd2+ concentration show up in the outlet stream. That means, with regard 
to affinity for the adsorbent, Pb2+ has the highest, followed by Cu2+, and Zn2+ while 
Cd2+ has the lowest. 

Similarly, for the AC-SDS, the outlet stream contains 15.2% of the initial Pb2+ 
concentration in 150 minutes, 13.9% of the initial Cu2+ concentration, and 15.4% 
of the initial Zn2+ concentration in 120 minutes, while 10.5% of the initial Cd2+ 
concentration show up in 60 minutes. With regard to affinity for the adsorbent, 
Pb2+ has the highest, followed by Cu2+ and Zn2+ while Cd2+ has the lowest. Again 
all the metals shown greater breakthrough time on AC-SDS than AC because the 
AC-SDS has more binding sites for the adsorption of heavy metals as a result of 
the incorporation of SDS on AC. 

Generally as shown in Figures 9-11 increase in bed height from 10 - 20 cm 
caused an increase in the breakthrough time for all the metals in both the AC and 
SDS-AC. This is due to an increase in the surface area and the number of binding 
sites available for adsorption. The time for interaction of adsorbate and adsorbent 
also increased with increasing amount of adsorbent [35] [36]. Compared to the 
SDS-AC, the breakthrough time of the AC is lower. This is explained by the in-
corporation of SDS on the AC, which gives the heavy metals additional binding 
sites. 

3.4.3. Effect of Initial Concentration on the Adsorption  
of the Heavy Metal Ions 

Figure 12 shows the outlet heavy metal ions concentration against the adsorption 
time for a 50 mg/L initial metal concentration. For the AC, in 150 minutes, 10.4% 
of the initial Pb2+ concentration appears in the outlet stream. In 120 minutes, 
10.3% of the initial Cu2+ concentration, and 14.3% of the initial Zn2+ concentration  

 

 
Figure 12. Breakthrough curve for simultaneous adsorption of heavy metals (Pb, Cu, Zn and 
Cd) onto AC and AC-SDS: Effect of initial concentration (Q = 5 mL/min; C0 = 50 mg/L, Z = 
20 cm). 
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shows up in the outlet stream. In 90 minutes, 10.1% of the initial Cd2+ concentra-
tion appears in the outlet stream. With regard to affinity for the adsorbent, Pb2+ 
has the highest, followed by Cu2+ and Zn2+, while Cd2+ exhibits the lowest. 

Similarly, for the AC-SDS, in 150 minutes, 13.7% of the initial Pb2+ concentra-
tion, 16.8% of the initial Cu2+ concentration, and 17.2% of the initial Zn2+ concen-
tration appears in the outlet stream. In 120 minutes, 10.4% of the initial Cd2+ con-
centration shows up in the outlet stream. With regard to affinity for the adsorbent, 
Pb2+ exhibits the highest, followed by Cu2+ and Zn2+. while Cd2+ has the lowest. On 
AC-SDS as opposed to AC, every metal displayed a greater break through time 
because the AC-SDS has additional binding sites for the adsorption of heavy met-
als as a result of the incorporation of SDS on AC. 

Figure 13 shows the outlet heavy metal concentration against the adsorption 
time for a 150 mg/L initial metal concentration. For the AC, in 150 minutes, 18.2% 
of the initial Pb2+ concentration appears in the outlet stream. In 120 minutes, 
14.7% of the initial Cu2+ concentration shows up in the outlet stream. In 90 
minutes, 11% of the initial Zn2+ concentration, and 11.3% of the initial Cd2+ shows 
up in the outlet stream. That means Pb2+ has the highest affinity for the adsorbent, 
followed by Cu2+ and Zn2+, while Cd2+ has the lowest. 

 

 
Figure 13. Breakthrough curve for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of initial concentration (Q = 5 mL/min; C0 = 150 
mg/L, Z = 20 cm). 

 
Similarly, for the AC-SDS, the outlet stream contains 21.9% of the initial Pb2+ 

concentration in 180 minutes. A 12.2% of the initial Cu2+ concentration, and 
15.6% of the initial Zn2+ in 150 minutes. In 120 minutes, 15.4% of the initial Cd2+ 
concentration shows up in the outlet stream. That indicates that Pb2+ has the high-
est affinity for the adsorbent, followed by Cu2+ and Zn2+ while Cd2+ has the lowest. 
Again on AC-SDS as opposed to AC, every metal displayed a greater break 
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through time. This is because the AC-SDS has more binding sites for the adsorp-
tion of heavy metals as a result of the incorporation of SDS on AC. 

Figure 14 shows the outlet heavy metal concentration against the adsorption 
time for a 250 mg/L initial metal concentration. For the AC, in 120 minutes, 13.2% 
of the initial Pb2+ concentration appears in the outlet stream. In 90 minutes, 14.4% 
of the initial Cu2+ concentration shows up in the outlet stream while in 60 minutes, 
11% of the initial Zn2+ concentration and 22.1% of the initial Cd2+ appear in the 
outlet stream. With regard to affinity for the adsorbent, Pb2+ has the highest, fol-
lowed by Cu2+ and Zn2+ while Cd2+ has the lowest. 

 

 
Figure 14. Breakthrough curve for simultaneous adsorption of heavy metals (Pb, Cu, Zn 
and Cd) onto AC and AC-SDS: Effect of initial concentration (Q = 5 mL/min; C0 = 250 
mg/L, Z = 20 cm). 

 
Similarly, for the SDS-AC, the outlet stream contains in 150 minutes, 15.2% of 

the initial Pb2+ concentration, in 120 minutes, 13.9% of the initial Cu2+ and 15.4% 
of the initial Zn2+ concentration. In 60 minutes 10.5% of the initial Cd2+ appear in 
the outlet stream. That shows that Pb2+ exhibits the highest, followed by Cu2+ and 
Zn2+ while Cd2+ has the lowest. Every metal ion displayed a greater break through 
time on AC-SDS than AC because the more binding sites AC-SDS than AC for 
the adsorption of heavy metals as a result of the incorporation of SDS on AC. 

The breakthrough time was shortened when the concentration was increased 
from 50 to 250 mg/L for all the metals ions on both AC and AC-SDS. Less treated 
synthetic waste water is produced in the event of a lower break through volume, 
which is indicated by a lower break through time. Initially, adsorption was rapid 
due to the availability of a large number of empty binding sites. Thereafter, in-
crease in initial adsorbate concentration results in a greater driving force to over-
come mass-transfer resistance in the liquid phase, and the sites are exhausted 
quickly, so the volume of effluent treated also decreases [37] [38]. 

Overall, the affinity of the heavy metals to both AC and AC-SDS followed the 
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order of Pb2+ > Cu2+ > Zn2+ > Cd2+. This affinity order conforms to what was ob-
tained during simultaneous adsorption of these four heavy metals to zeolite syn-
thesized from high calcium fly ash [39]. The crystal structure, ionic hydration ra-
dius, and hydration-free energy of the materials largely contribute to their selec-
tivity [40]. Panayotova [41] found that for metal ions, the adsorption affinity in-
creased with decreasing hydration radius and hydration-free energy. The selectiv-
ity should be Pb2+ (0.401 nm) > Cu2+ (0.419 nm) > Cd2+ (0.426 nm) > Zn2+ (0.430 
nm) in relation to the size of the hydrated radius. Nevertheless, this order does 
not provide a satisfactory explanation for why Zn2+ has a higher selectivity than 
Cd2+. The higher selectivity could be attributed to the hydration-free energy of 
Zn2+ (−2044 KJ/mol) being lower than that of Cd2+ (+979 KJ/mol) [42] [43]. 

4. Conclusion 

Sodium dodecyl sulfate (SDS) surfactant incorporation onto the surface of acti-
vated carbon enhances its capacity for simultaneous adsorption of Pb2+, Cu2+, 
Zn2+, and Cd2+ from an aqueous medium in an expanded bed column. The affinity 
of the heavy metals to both AC and AC-SDS followed the order of Pb2+, Cu2+, Zn2+, 
and Cd2+. The dynamic adsorption of the column depends on the flow rate, bed 
height, initial metal concentration, and SDS surface modification. With a 5 
mL/min flow rate, a 20 cm bed height, and a 50 mg/L initial metal concentration, 
a maximum break-through time of 150 minutes for the unmodified activated car-
bon (AC) and 180 minutes for the SDS-modified activated carbon (AC-SDS) was 
reached. 
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