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Abstract 
In this study, we present the performance of acid washed copper smelter slag for the adsorption of phosphates and sul-
phates from wastewater. The aim of the study was to investigate the removal of phosphates and sulphates from wastewater 
using acid washed copper smelter slag at batch scale by exploring influences of different variables. The leachate concentra-
tions of copper, iron, manganese and lead released from the adsorbent were 1.8, 128.2, 0.32 and 0.20 mg L−1, respectively at 
pH 2. The point of zero charge was at pH 6.04, Pseudo-Second Order kinetic model described the adsorption process better 
with an R2 value of 0.99. The experimental maximum adsorption capacities for phosphates and sulphates were 0.51 and 
0.24 mg g−1 media, respectively, and 0.96 mg P g−1 media at pH 12 and 0.39 mg g−1 media for sulphates at pH 2, respectively. 
The process was endothermic with temperature having insignificant impact during adsorption. The maximum adsorption 
capacities for thermodynamic study were 0.103 ± 0.09 and 0.046 ± 0.004 mg g−1 media respectively, for PO4

3− P and SO4
2− 

at 60 °C. This study showed that acid washed copper smelter slag has an improved adsorption capacity for phosphate and 
sulphate ions but further investigations should be conducted to find ways of further improving the adsorbent performance.

Article highlights 

•	 There is increase in the adsorption capacity of acid 
washed copper smelter slag.

•	 The adsorption capacity of phosphorus is high at pH 12 
and for sulphate at pH 6.

•	 The adsorption of phosphate and sulphate ions onto 
acid washed slag is an endothermic process.

•	 Intraparticle diffusion was not the only rate controlling 
mechanisms.
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1  Introduction

The presence of phosphorus in wastewater effluent dis-
charges promotes eutrophication in water bodies even 
at concentrations as low as 0.02 mg L−1 [1]. The presence 

of sulphates and phosphates in surface water reservoirs 
such as rivers is the result of discharges from sewage 
and from agricultural activities and runoffs in the case of 
phosphates [2]. Other sources of phosphate are waters 
that contain detergents in the solution from ingredients 
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which contributing to eutrophication [2]. Conventional 
technologies such as biological treatment and chemical 
precipitation are disadvantaged by high technical require-
ments, a high carbon foot print and high economic costs 
[3]. Biological phosphorus removal systems limit the recov-
ery of the nutrient from the sludge, resulting in wasteful 
use [4]. Some studies have revealed that the conventional 
technologies have a high carbon foot print resulting in 
the emissions of greenhouse gases which include carbon 
dioxide, methane and nitrogen oxides leading to global 
warming and climate change [5], this is also reported by 
Campos et al. [6]. Adsorption technology has been per-
ceived as a better option compared to the other tech-
nologies because adsorbents can be regenerated and 
therefore reused before being replaced with new media 
hence reducing the costs [7]. Sludge is not generated, 
which reduces the handling, transportation and disposal 
costs. In addition, efficiency and low costs are among 
the benefits of the technology over conventional meth-
ods [7]. Other technologies like chemical precipitation 
produce toxic sludge that restricts reuse and also poses 
a risk to the environment. In their study, Kumar et al. [8] 
highlighted that the expenses related to chemical costs 
for lowering phosphate concentration from 10 to 1 mg 
P L−1 was $ 8 kg−1 P when using chemical precipitation 
technology. This is compared to $ 35 kg−1 P for the chemi-
cal costs when adsorption technology is used. However, it 
was observed that since the concentration of phosphate 
ion was low, the cost of adsorption is better than that of 
precipitation, indicating that adsorption is better suited 
for low concentrated wastewaters. Coagulation or floccu-
lation has the disadvantage of increased sludge produc-
tion which increases management, and treatment costs 
because flotation technology requires high initial capital 
costs and high energy costs [9].

Sulphates are the major pollutants of groundwater 
and at concentrations exceeding 250 mg L−1, can cause 
a bad taste in the water, corrode water pipes and lead 
to some discomforts in human beings such as laxative 
effects and gastrointestinal irritation [10]. This implies 
that discharges of wastewater effluents containing sul-
phates exceeding threshold values can be found in the 
environment, groundwater and surface water, and they 
pose contamination risk. Conventional technologies for 
treating wastewaters containing sulphates for instance 
membrane filtration, biological treatment, chemical pre-
cipitation and many more are not suitable for the removal 
of sulphates at high concentrations[11], hence the need 
to explore different technologies. Adsorption technology 
has been studied before. For example [12] investigated the 
removal of sulphates from wastewater using natural alum 
inosilicate modified with uric acid. It was observed that 
60% of the initial 500 mg L−1 concentration was eliminated 

from the solution, which indicated that the process has 
some promising results.

Different materials have been investigated as adsor-
bents for phosphorus from wastewater [13–15]. Some of 
the investigations were carried out on industrial waste 
such as drinking water treatment sludge [16], synthetic 
materials such as magnetic iron oxide nanoparticles [17], 
activated aluminum oxide and lanthanum oxide [18]. 
Some materials have been modified, treated and even 
examined by varying experimental conditions. The modi-
fications and the alterations of experimental conditions 
are aimed at enhancing the adsorption capacities. Table 1 
below illustrates some of the modifications and treatments 
subjected to media for capacity improvement.

Excessive sulphates (SO4
2−) concentrations cause a 

natural imbalance in the sulphur cycle and pose a risk to 
public health, but in countries there are no set guidelines 
due to lower toxicity of SO4

2− [27]. A study by Wei et al. 
[28] observed a reduction in the retention capacity for 
sulphate when the adsorbent dose was increased when 
using organo-nano- clay as the adsorbent. It has also been 
observed that increasing contact time and temperature 
increased the adsorption capacity of the material. A simi-
lar study by Sadik et al. [29] reported that the adsorption 
equilibrium for sulphate on mixed oxide LDH was reached 
after 60 min, which indicates that the process was very 
fast.

Many studies have not investigated the uptake of both 
phosphate and sulphate ions from real wastewater, except 
using synthetic solutions that lack the background con-
centrations of the different variables present in wastewa-
ter. These can have negative effects such as competition 
with the targeted pollutants, therefore reducing their 
uptakes. The presence of anions in wastewater such as 
nitrates (NO3

−), fluorides and chlorides, can have compet-
ing effects with the targeted adsorbates. However, there 
are instances where the adsorbent has no affinity for ani-
ons as [30] observed that NO3

− even in high concentra-
tions such as 100 mg L−1 showed less competition with 
other anions for adsorption. Recently, dams have been 
built in many rivers in the area for water abstraction for 
potable use. Therefore, a controlled discharge of nutri-
ent enriched wastewaters into surface water bodies is 
necessary, otherwise algal bloom will become a problem. 
If nutrients, including phosphorus, which is the limiting 
nutrient, are discharged into streams, algal bloom is likely 
to occur, which degrade the quality of stream water and 
increase the cost of stream water treatment [31].

The copper smelter slag that was used in the study 
was sourced from a neighbouring town where copper 
and nickel are produced. The slag had been stockpiled 
as a waste materials and is abundant in millions of tons 
at the mining site and has not been used. Furthermore, 
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the disposal of the material will cost some millions of Bot-
swana Pula. Recently, studies have been conducted on 
the possible uses of the slag, such as for the adsorption of 
heavy metals from wastewater or aqueous solutions, and 
the possibility of using the material for brick moulding. 
The possibility of slag being successful in the adsorption of 
phosphate and sulphate ions will be an added advantage 
for the use of the waste material. There is also a need to 
prevent eutrophication of surface waters, which can be 
caused by the discharge of phosphorus into the environ-
ment. The aim of this study was to examine acid washed 
copper smelter slag, a waste material from mining activi-
ties, as an adsorbent for phosphorus and sulphates from 
wastewater at batch scale mode. The key objectives were:

(a)	 To investigate the leachability of heavy metals from 
the media for possible environmental pollution.

(b)	 To investigate the impact of contact time and the rate 
controlling mechanisms during the adsorption pro-
cess.

(c)	 To investigate the effect of media dosage during the 
adsorption process.

(d)	 To investigate the influence of initial pH during the 
adsorption process.

(e)	 To investigate the influence of temperature and ther-
modynamics during the adsorption process.

This study was conducted to test the hypothesis 
that acid washed copper smelter slag performed better 
than previously used unwashed slag in removing phos-
phates and sulphates from wastewater.

This research presents the findings of laboratory batch 
studies on the investigation of the removal of phosphates 
and sulphates from wastewater sing acid washed copper 
smelter slag. Different variables were investigated for their 
influence on the adsorbent performance. These include 
among others pH, temperature, contact time and media 
dosage impacts. The results of the study will help in decid-
ing whether the material can be of better use at a field 
scale for the treatment of secondary wastewater effluent 
or any further investigations. The experimental procedure 
is discussed under materials and methods which includes 
adsorbent characterisation, adsorbate to be treated, deter-
mination of point of zero charge the pH leachability test, 
kinetic studies, media dosage and isotherms, effect of ini-
tial pH, thermodynamics. The section is followed by the 
results and discussion section, the practical implications 
and lastly the conclusion of the study.

Table 1   Modifications and treatments subjected to some of the adsorbents to enhance performance

Media Preparation/modification Target pollutant Adsorption capacity (mg g−1) References

Calcium-flour biochar Carbonization at 800 °C in tube 
furnace. Heated at 10 °C/min to 
600 °C in N2 presence holding for 
2 h

Phosphates 314.22 [19]

Thermally modified copper tailings Heated for 2 h at 340 °C in muffle 
furnace

Phosphates Adsorption capacity improved 
from 2.08 to 14.25 after treat-
ment

[20]

Sulphate coated zeolite (SCZ) Zeolite was coated with sulphate 
onto the surfaces through a redox 
process

Phosphates 111.49 [21]

Immobilization of powdery calcium 
silicate hydrate

PVA cross-linking reaction Phosphates 31.06 [22]

Surfactant-Modified Palygorskite 10 g of palygorskite, ground to col-
loidal size and placed into 250 mL 
flask. 2 mol/kg hydrochloric acid 
added. Mixture refluxed for 2 h at 
343 K

Sulphates 3.28 [23]

Modified steel slag and cement Milled slag mixed with quartz sand, 
cement and permeable bricks

phosphates 1.06 to 18.88 [24]

Modified Biopolymer Adsorbents Chitosan pellets in a glutaraldehyde 
(GA) solution were soaked at pH 
5.6 for 48 h

Sulphates 46.6 [25]

Magnetic multi-walled carbon nano-
tubes (MWCNTs)

The MWCNTs dispersed in concen-
trated sulfuric acid and concen-
trated nitric acid (a 3:1 volume 
ratio) to modify the MWCNTs 
surface by ultrasonication for 4 h

Sulphates 93.28% efficiency [26]
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2 � Materials and methods

2.1 � Adsorbent characterization

A study by Letshwenyo and Sima [32] investigated the pos-
sibility of using the raw copper smelter slag for phospho-
rus removal from real wastewater. In this study, the same 
material was washed with a 2.0 M hydrochloric acid (HCl) 
solution and investigated for the removal of PO4

3− P and 
SO4

2− from secondary treated wastewater. The material 
was sourced from BCL LTD, where it is stockpiled as waste.

For the preparation of the adsorbent, the slag was first 
crushed to reduce the sizes and then passed or sieved 
through the 4.75 mm and 1.18 mm sieve openings and 
the material retained on the 1.18 mm sieve was used for 
the investigation. A solid/liquid ratio of 20 mL g−1 as per 
Huang et al. [3] protocol was adopted. The mixture was 
placed into a 1000 mL beaker, stirred continuously for 
10 min, and then agitated at 120 rpm for 24 h. The mix-
ture was placed onto the 1.18 mm sieve to filter the acid. 
The residue was rinsed twice with deionised (DI) water and 
dried for one week at room temperature (25 °C). Washing 
the slag with HCl aimed to remove the residual phospho-
rus attached to calcium [33], as this could improve the 
adsorption capacity of the copper smelter slag.

The adsorbent surface morphology was investigated by 
scanning electron microscopy (SEM), Gemini 500, FGSEM, 
manufactured by Perkin Elmer model GEMINI 500, Serial 
number, Gemini Sem 00-70-18, P00225, using SmartSem 
software, Version 5.09 April 2015. The chemical compo-
sition was determined using X-Ray Fluorescence (Delta 
Professional).

The bulk density (ρb), particle density (ρp) and poros-
ity (n) were evaluated as per the procedure described by 
Dan—Asabe et al. [34]. The following protocol was fol-
lowed to determine the bulk density in g cm−3, and the 
particle density (ρp), in g cm−3. A 50 g of the prepared slag 
was placed in a 100 mL measuring cylinder. The cylinder 
was gently tapped to stabilise the slag and reading off the 
volume occupied by the slag. The study was conducted in 
triplicates and the mean volume was calculated. The bulk 
density was calculated as per [35]:

The density of the particle (ρp) was calculated as per 
as per [35]:

The porosity (n) was calculated from the equation as 
per [36]:

(1)�b =
mass of sludge (g)

Volume of sludge (mL)

(2)�p =
mass of sludge (g)

volume of sludge (mL)

2.2 � Adsorbates

The wastewater effluent used during this study was col-
lected from the final maturation pond outlet of wastewa-
ter treatment facility in the study area and the collection 
were collected in the mornings. The PO4

3− P concentration 
of the effluent used throughout the study varied between 
21.4 and 25. 2 mg P L−1 and SO4

2− concentration varied 
between 13.64 and 16.73 mg SO4

2− L−1. The concentrations 
of the other anions that could compete with PO4

3− P and 
SO4

2− for adsorption are in Table 2. As observed, nitrates, 
nitrite and phosphates exceeded the national threshold. 
The wastewater was passed through a 0.45 µm Whatman 
filter paper to retain solids. The ionic strengths or concen-
trations of each ion were determined using Ion Chroma-
tography, of model ICS 500 + maker Dionex supplied by 
Thermo Scientific.

2.3 � The zero point of charge

The protocol previously described by Letshwenyo and 
Mokgosi [36] was adopted to determine the point of zero 
charge of the adsorbent, in which 0.5844 g of sodium 
chloride (NaCl) was dissolved into 1 L of deionised (DI) 
water for the preparation of a 0.01 M solution of NaCl. 
This was followed by placing 50 mL of the prepared solu-
tion into eight different 250 mL Erlenmeyer flasks, in 
triplicates as per the protocol described by Letshwenyo 
and Mokgosi [36]. Hydrochloric (HCl) acid and sodium 
hydroxide (NaOH) solutions used to adjust the pH and 

(3)n =

(

1 −
�b

�p

)

× 100

Table 2   The physiochemical parameters of wastewater used in this 
study

Parameter Concentration 
(mg L−1)

National 
thresholds 
(mg L−1)

pH 7.46 6.5–9.0
Fluoride 0.17 1.5
Chloride 74.78 600
Bromide 0.0 Not stated
Nitrates 189.91 50
Nitrite 59.44 3
Sulphates 16.73 400
Phosphates 25.2 1.5
Turbidity (NTU) 43 30
Total suspended solids 45 25
Biochemical oxygen demand 41 30
Chemical oxygen demand 83 150
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the working pH were between 2 and 12. A 5.0 g of acid 
washed copper smelter slag was added to each flask, 
with the exception of one flask which was a control [36]. 
The flasks were then agitated at 120 rpm for 48 h on the 
orbital shaker. The flasks were removed from the shaker 
up on reaching the pre-set time, and the mixtures was 
filtered through a 0.45 µm Whatman paper to separate 
the solids from the liquid. The average pH of each fil-
trate was then determined. The point of zero charge was 
determined as per [37] protocol.

2.4 � The pH leachability test

The pH leachability test was conducted according to the 
description by Krol et al. [38]. This was achieved by add-
ing 100 mL of DI water into a 250 mL Erlenmeyer flask. 
The pH was adjusted to the pH range of 2 and 12 using 
either nitric acid (HNO3) or sodium hydroxide (NaOH) as 
described by Letshwenyo and Mokgosi [36]. Next, 2.0 g 
of the adsorbent was added in triplicates into each flask. 
The mixtures were shaken on the orbital shaker for 2 days 
at agitation speed of 120 rpm. Upon reaching the time, 
the flasks were removed from the shaker and the mixtures 
filtered through 0.45 µm Whatman filter papers as previ-
ously described [36]. The concentrations of the metal ions 
in the solution were measured and averages calculated 
using the inductively coupled plasma optical emission 
spectrometer, Thermo iCAP supplied by Thermo Scientific, 
from the United Kingdom.

2.5 � Kinetic studies

In order to determine the optimum contact time and 
controlling mechanisms of adsorption processes such as 
mass transfer and chemical reactions, 2.0 g of adsorbent 
and 100 mL of wastewater were added into the flasks as 
described by Letina and Letshwenyo [35]. The flasks were 
agitated on the orbital shaker at 120 rpm and removed at 
different time intervals (10–240 min). The mixtures were 
filtered in the same way as previously described [36] and 
the concentrations of PO4

3− P and SO4
2− were measured 

in the filtrate. It was observed that an increase in the 
optimum contact time did not result in any PO4

3− P and 
SO4

2− removal. The experimental data were then fitted 
onto the widely published kinetic models of Pseudo-First 
Order (PFO), Pseudo-Second Order (PSO) and Intraparticle 
Diffusion Models. The kinetic equations and the meanings 
of the relevant coefficients are as described by Jellali et al. 
[39] and Wei et al. [40]. The amount of adsorbed PO4

3− P 
and SO4

2− at any particular time was calculated from the 
following equations described by Wei et al. [40]:

where qt (mg g−1 media), Co (mg L−1), Ct (mg L−1) are the 
adsorption capacity at equilibrium, the initial concentra-
tion of the adsorbate and concentration at the time, t, 
respectively, M and V are media mass (g) and wastewater 
volume (L) respectively. The experiments were conducted 
in triplicates and then the averages were determined. The 
results were adapted to the widely used PFO and PSO 
kinetic equations as described below by Wei et al. [40]. 
The PFO is described as:

For PSO the equation is described as follows:

where qe and qt (mgg−1) are the adsorption capacities 
at equilibrium and at any time, t, respectively, k1 (min−1), 
k2 (gmg−1 min−1) are the rate constants of PFO and PSO, 
respectively.

The intraparticle diffusion model as described by 
Berkessa et al. [41] was used to evaluate whether intra-
particle diffusion controls the rates of phosphate and 
sulphate ions in acid washed copper smelter slag and 
the equation is:

where qt (mgg−1) is the amount adsorbed at time, t, (min), 
kp (mgg−1min1/2) is the intraparticle diffusion rate constant.

2.6 � Influence of media dosage and equilibrium 
isotherms

In order to evaluate the effect of the adsorbent dose on 
PO4

3− P and SO4
2− removal from wastewater, media incre-

ments of 0.5 g to 4.0 g were added in triplicate in 250 mL 
Erlenmeyer flasks, after which 100 mL of wastewater with 
known PO4

3− P and SO4
2− concentrations were added. 

One control flask contained only wastewater. Flasks were 
placed on an orbital shaker and agitated at 120 rpm for 
2 h, and the equilibrium time was determined during 
kinetic studies. The flasks were removed after 2 h, and 
the mixtures were filtered, PO4

3− P, SO4
2− pH, and tem-

perature were measured as previously described and 
the averages were determined. The adsorbed amounts 
of PO4

3− P and SO4
2− were calculated according to the 

equation proposed by Chung et al. [42]

(4)qt =

(

C0 − Ct
)

M
V

(5)ln
(

qe − qt
)

= lnqe − k1t

(6)
1

qt
=

(

1

k2q
2
e

+
1

qe

)

(7)qt = kpt
0.5
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where qe (mg g−1 media), Co (mg L−1), Ce (mg L−1) are 
adsorption capacity at equilibrium, initial adsorbate con-
centration and equilibrium concentration respectively, M 
and V are adsorbent mass (g) and wastewater volume (L) 
respectively.

The data were fitted on to the Langmuir and Freundlich 
adsorption equations for the analyses of the adsorption 
isotherms as described in [42]. The Langmuir isotherm 
equation assumes monolayer adsorption process on the 
surface of the adsorption material and it is calculated as 
per the equation by Chung et al. [42]:

According to the equation, Ce (mg L−1) is the concentra-
tion of the adsorbate in the solution, qe (mg g−1 media) is 
the adsorption capacity of the adsorbent in equilibrium, 
KL (Lm g−1) is the Langmuir constant, and qmax (mg g−1 
media) is related to the maximum adsorption capacity. The 
linearized Langmuir equation is as per Eq. 7.

The dimensionless Langmuir constant, RL which is 
the separation factor, provides an idea about the nature 
of adsorption and was calculated from the equation 
described by Gupta et al. [43]:

The Freundlich isotherm equation can be represented 
in the following equation as described by [42].

The linearized equation as per Karen et al. [44]:

where KF (L1/n mg (1–1/n)/g) is Freundlich isotherm con-
stant and 1/n is the Freundlich constant, qe (mg g−1) is 
the adsorption capacity at equilibrium and Ce (mg L−1) is 
the adsorbate concentration at equilibrium.

2.7 � The effect of initial pH

The impact of the pH was investigated by adding 2.5 g 
of media into different 250 mL Erlenmeyer flasks, and the 
pH was adjusted by adding 0.1 M HNO3 or 0.1 M NaOH 
solutions as per [45] protocol. A 100  mL wastewater 

(8)qe =

(

C0 − Ce
)

M
V

(9)
q
e=

(

KLCe

1+KLCe

)

qmax

(10)
1

qe
=

(

1

KLqmax

)

1

Ce
+

1

qmax

(11)RL =
1

1 + KLCi

(12)qe = KFC
1∕n
e

(13)lnqe = lnKF +
1

n
lnCe

having concentrations of 23.95 and 16.73 mg L−1 PO4
3− P 

and SO4
2− respectively was added into the flasks and the 

pH was adjusted. The flasks were placed onto the orbital 
shaker and agitated for at 120 rpm for 2 h. The flasks were 
removed after the specified times, and the mixtures were 
filtered according to the same protocol as previously 
described. The PO4

3− P and SO4
2− concentrations in the 

resulting solutions were measured, and the adsorption 
capacity was determined from Eq. 2. The experiment was 
conducted in triplicates, after which the mean and stand-
ard deviation were calculated.

2.8 � Influence of temperature

The effect of temperature on PO4
3− P and SO4

2− uptake was 
examined by adding 2.5 g of treated copper smelter slag 
in triplicate to 250 mL flasks, after which a 100 mL waste-
water of PO4

3−–P and SO4
2− concentrations of 23.95 mg L−1 

and 16.73 mg L−1, respectively, was added. The protocol 
described by Aljeboree et al. [46] was followed. The flasks 
were placed in a thermo Shaking Incubator, (Thermo Sci-
entific) supplied by Lam World Technologies (PTY) LTD. The 
mixtures were shaken at a speed of 120 rpm for 120 min at 
temperatures of 30, 40, 50, and 60 °C. The flasks were then 
removed from the shaker and the mixtures were filtered 
through 0.45 µm Whatman papers. The amounts of PO4

3− P 
and SO4

2− adsorbed at equilibrium were determined and 
mean values were calculated, and the adsorption capaci-
ties were determined as previously described.

2.8.1 � Thermodynamics

The linearized thermodynamics equations were used to 
determine thermodynamic parameters, that were cal-
culated according to the following equations described 
by Aljeboree et al. [46]. The thermodynamic parameters, 
Gibbs free energy change (∆G°), enthalpy (∆H°) and 
entropy (∆S°) were calculated from the equations listed.

Other parameters such as the enthalpy of adsorption 
(∆H°), and the entropy (∆S°) of the adsorption were deter-
mined according to Van’t Hoff equation [46]:

The change in entropy and enthalpy values were calcu-
lated from the slope and intercept of the Van’t Hoff’s plot.

(14)ΔGo = −RT LnKd

(15)LnKo =
−ΔH

RT
+

ΔS

R

(16)Ko =
Co − Ce

Ce
x
V

M
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where ΔG°, ΔS° and ΔH° respectively denote change in 
Gibbs free energy, entropy and enthalpy in kJ mol−1. The 
constant Ko denotes the adsorption distribution coeffi-
cient, while R (8.314 J/(molK)) and T (K) represent gas con-
stant and absolute temperature, respectively.

2.9 � Statistical analysis

The statistical analysis was performed using Microsoft 
Excel XLSTAT software through which Mean, Standards 
and Errors were calculated. Some of the relevant data was 
then analysed through batch kinetic and isotherm models.

3 � Results and discussion

3.1 � Media characterization

The images of the acid washed copper smelter slag before 
and after phosphate and sulphates loading are shown in 
Fig. 1a, b respectively. The slag shows larger cavities and 
rougher surface compared to previous study conducted 
by Letina and Letshwenyo [35] in which the adsorbent was 
smooth. A rough surface suggests the possibility of a bet-
ter adsorbent. Washing the adsorbent with acid may have 
removed some dirt and other materials such as residual 
phosphate therefore opening up of cavities on the slag 
surfaces. The surface of the adsorbent after adsorption 
does not show pronounced rougher surface compared to 
before the adsorption process. The adsorption of phos-
phate and sulphates ions into micropore could have 
reduced the rough surface and openings. It is expected 
that the adsorption process will improve compared to 
previous results before acid wash. The smoothness of the 
material after adsorption could be an indication that the 
adsorption cavities and pores are filled with phosphates 

and sulphates molecules [46]. The loaded acid washed 
copper smelter slag (b) was observed as impregnated and 
showed some increase in the number of irregular small 
particles. Gaps could still be observed between the parti-
cles, which indicate a loose arrangement [47].

The elemental composition before the acid washing 
from the previous results [48] and after the acid washing 
is shown in Table 3, and only those elements which have 
an affinity for phosphors are shown. The results reveal 
that calcium, magnesium, and phosphate ions decreased 
in the acid washed slag, whereas iron, and aluminium 
had increased concentrations. Calcium is one of the ele-
ments that generally precipitate phosphate ions during 
the process and reducing its concentration could affect 
phosphate removal. The reduction of residual phosphate 
ion in the acid washed slag might result in a better phos-
phorus removal as there are many active sites in the slag 
for phosphate retention.

The bulk density, particle density and the porosity of 
the treated copper smelter slag are shown in Table 4 and 
both are higher than the wastewater density, which could 
minimise the suspension of the adsorbent during the fixed 
bed column trials. The bulk density of the adsorbent also 
gives an indication of the mass of the adsorbent that the 

Fig. 1   Scanning electron microscopy for surface morphology before adsorption (a) and after adsorption (b)

Table 3   XRF results showing elemental composition of the slag 
before and after acid washing

Elemental compo-
sition (%)

Before acid washing After acid washing

Iron 11.2 ± 0.42 27.21 ± 1.92
Calcium 19.82 ± 0.96 1.49 ± 0.15
Magnesium 5.84 ± 0.52 Not detected
Aluminium 1.80 ± 0.28 5.41 ± 0.73
Phosphate 8.79 ± 0.30 0.19 ± 0.003
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column can accommodate and the liquid weight that the 
column can retain in as well [49]. The porosity of the adsor-
bent provides information about the number of pores in 
the material [49]. The results suggest that a particle had 
a 48.26% porosity, and this enhances the adsorption 
process.

Previous studies on the characterisation of untreated 
copper smelter slag by [32] have shown various mineral-
ogy and chemical contents of the material. The percentage 
content may have changed as some of the minerals may 
have reacted with the hydrochloric acid. The morphol-
ogy of the treated slag may have changed as some of the 
impurities may have been removed by the acid.

3.2 � The point of zero charge

The acid washed copper smelter slag pHpzc is shown in 
Fig. 2. The pHpzc is at pH 6.04. The previous study by the 
same author has reported the unwashed copper smelter 
slag at pH 5.0. The results indicate a positively charged 
surface of acid washed copper smelter slag at pH < 6.04, 
and a negatively charged at pH > 6.04. The charge on the 
surface of the acid washed copper smelter slag at pH 6.04 
is zero. When the pH < pHpzc, there might be an increase 
of hydrogen ion (H+) in the wastewater which will react 

with the hydroxyl group on the media surface to form pro-
tonated hydroxyl groups [50] and promoting PO4

3− P and 
SO4

2− adsorption onto the slag. When the pH > pHpzc, the 
media surface will have more negative charges and will 
repel the negatively charged ions (PO4

3− P and SO4
2). It is 

anticipated that the adsorption of PO4
3− P and SO4

2− in the 
treated copper smelter slag will be dominant at pH values 
below 6.04. In addition, it is expected that the maximum 
adsorption capacity will be at pH < pHpzc, and the adsor-
bent will be electrostatic- positive and the phosphate and 
sulphate ions are in the anionic forms [50]. In the contrary, 
when pH > pHpzc, there would be an electrostatic repul-
sion between media and PO4

3− P and SO4
2− ions which 

would lead to a weak bond between the ions and the 
adsorbent.

3.3 � The pH static leachability tests

The leachability of the toxic metals from the acid washed 
copper smelter slag are shown in Table 5. The results show 
that all the heavy metals had pH values higher than the 
national threshold at pH 2, except for Arsenic (As) and 
Chromium (Cr). However, the pH of wastewater rarely 
reaches pH 2, so there is less possibility of toxicity effect 
or secondary pollution from the leaching of metals from 
the material. The results are similar to the observations 
made by Ganne et al. [51] who reported leachability of 
heavy metals from slags at pH 2, but significantly low at 
other pH values investigated. Furthermore, the findings of 
this study are similar to those reported by Saha and Sarker 
[52], who observed low concentrations of heavy metals 
in concrete using slag as aggregate during the leachabil-
ity investigation. The results show that the heavy metals 
leachability from the acid washed copper smelter slag is 

Table 4   Physical characterisation results of acid washed copper 
smelter slag

Property Measured value

Bulk density (g cm−3) 1.79 ± 0.01
Particle density (g cm−1) 3.45 ± 0.01
Porosity (%) 48.26 ± 0.1
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Fig. 2   The point of zero charge for the acid washed copper smelter slag
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minimal, therefore the risk is low when using acid washed 
copper smelter slag as an adsorbent. The adsorbent can be 
used with minimal risk of secondary contamination from 
the material.

3.4 � Kinetic modelling

The kinetics study during adsorption is important in 
determining the rate of adsorption and the mechanisms 
involved during the process [46]. Figure  3 shows the 
effect of the contact time on PO4

3− P and SO4
2− adsorp-

tion in the treated copper smelter slag. Both graphs are 
steep in the first 20 min indicating a rapid PO4

3− P and 
SO4

2− uptake and a gradual decrease thereafter. Equilib-
rium was reached during the first 20 min in both cases as 
no percentage or slow removal increases were observed 
thereafter. The efficiencies for phosphate and sulphate 
ions removal were 27 and 14% respectively. The percent-
age removal had decreased by 14% and 8% for SO4

2− and 
PO4

3− P, respectively, by 180 min suggesting desorption 
for both ions.

The implications of the results is to minimize the 
optimal contact time during the process to prevent the 

adsorbed adsorbate leaching from the adsorbent and pol-
lution of the environment. Since the adsorbed phosphate 
can leach from the adsorbent, the saturated slag can be 
used as soil amendment to enrich the soil for agricultural 
purposes and improve food security. In addition, desorp-
tion might be due to a collision between adsorbent par-
ticles and therefore breaking as a result of a high stirring 
speed. This can be minimised by reducing the agitation 
speed. Uddin et al. [53] observed an increase in the dye 
removal as agitation speed was increased, and a decrease 
in the removal after the equilibrium has been reached. 
The increase was attributed to the diffusion of dye mol-
ecules into the adsorbent pores and to the kinetic energy 
of the dye molecules [53]. The particle collision started at 
the highest speed, and the dye molecules were detached 
[53], and this scenario could apply during our study. 
Cucarella and Renman [54] have recommended shaking 
speed between 100 and 200 rpm, although materials can 
still break at 100 rpm, thereby changing media sizes and 
porosities and giving higher adsorption capacities.

The adsorption kinetics were further analysed through 
PFO, PSO and the intraparticle diffusion are presented in 
Table 5. The plot of PFO is shown in Fig. 4, and it is usually 
expressed in the first mintes of the kinetic experimnts.

The PSO graph is presented in Fig. 5 and the results 
are presented in Table 5. The PSO model better fitted the 
experimental data compared to PFO with R2 values of both 
PO4

3− P and SO4
2− adsorption onto smelter slag > 0.99.

The PSO model showed the best fit of the experi-
mental data with R2 adsorption values of both PO4

3− P 
and SO4

2− onto the smelter slag > 0.99. The theoretical 
adsorption capacities for both PO4

3− P and SO4
2− by PSO 

were similar to the experimental capacities (Table 6). The 
differences in theoretical and experimental capacities for 
PO4

3− P were less than 3% and there was no difference in 
the adsorption capacity for SO4

2. The results suggest that 
the process involved chemical reaction which involved 
valence forces where electrons were shared or exchange 
between treated smelter slags, hence a chemisorption 

Table 5   Leachability of heavy 
metals from treated copper 
smelter slag at different pH 
values

Heavy metal concentrations (mg L−1)

pH Arsenic Chromium Copper Iron Manganese Nickel Lead Zinc

2 0.0 0.32 1.8 128.2 0.32 0.67 0.20 0.19
4 0.0 0.0 0.50 0.30 0.00 0.30 0.01 0.04
6 0.0 0.00 0.07 0.02 0.00 0.27 0.01 0.01
8 0.0 0.0 0.02 0.02 0.00 0.18 0.00 0.02
10 0.01 0.00 0.01 0.02 0.00 0.03 0.00 0.01
12 0.00 0.03 0.04 0.08 0.00 0.00 0.01 0.01
Deionised water 0.0 0.02 0.01 0.01 0.00 0.01 0.0 0.02
Botswana Bureau of 
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Fig. 3   Effect of contact time on phosphorus and sulphates adsorp-
tion onto treated copper smelter slag
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process. Similar results were observed by [39] during the 
adsorption of phosphorus in phosphorus mine wastes. 

Chemisorption through ion-exchange and electrostatic 
attraction is the most dominant adsorption process by 
metal (hydr) oxides [50].

The presence of hydroxide (OH−) groups in metal 
(hydr) oxides such as iron (Fe), zinc (Zn), and aluminium 
(Al) promotes the possibility of P–OH ion exchange. 
These metal oxides were observed in this adsorbent 
during the previous study by Letshwenyo and Sima [32], 
hence the possibility of this type of reaction. The bond-
ing could occur through inner sphere complexation by 
creating covalent chemical bonds between PO4

3− P and 
metallic cations and the release of other anions [50]. The 
model assumes that two reactions are occur, the first 
being fast and reaching equilibrium quickly, followed 
by the second, slower reaction which lasts longer [55].

The analysis of the kinetic results through the intra-
particle diffusion model revealed that there were inter-
cepts (C) of magnitudes of 0.25 and 0.03 mg g−1 media 
for PO4

3− P and SO4
2−, respectively as shown in Fig. 6. For 

the graphs to reveal intercepts, it shows that the graphs 
did not pass through the origin, hence intraparticle dif-
fusion was not only controlling the rate of PO4

3− P and 
SO4

2− adsorption onto smelter slag. In addition to intra-
particle diffusion, mechanisms such as film diffusion 
were also involved in controlling the rate of the adsorp-
tion process. The adsorption capacity decreases with 
decreasing thickness of the boundary layer [56], which 
suggests that the adsorption of PO4

3− P in the treated 
copper smelter slag was higher than the adsorption of 
SO4

2. There were two steps involved during the reac-
tions. The first step was attributed to both the instanta-
neous adsorption and gradual adsorption, and they were 
both were involved at the same time, followed by the 
equilibrium stage where adsorption sites were limited.
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Fig. 4   A pseudo-first order kinetic model of phosphate nd sul-
phates onto acid washed copper smelter slag
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Fig. 5   A pseudo-second order kinetic model of phosphate nd sul-
phates onto acid washed copper smelter slag

Table 6   Kinetic rate constants 
relating to adsorption of 
PO4

3− P and SO4
2− onto treated 

copper. smelter slag

Where K1, K2, qe, Kp, h and C are K1, K2 are the rate constants of PFO and PSO respectively, qe is the 
adsorption capacities at equilibrium, Kp is the intraparticle rate constant, h is the initial adsorption rate 
and C is the boundary layer thickness

Kinetic parameters Pseudo first order Pseudo second order Intraparticle diffusion

Phosphates Sulphates Phosphates Sulphates Phosphates Sulphates

Kad (min−1) 0.032 0.08
qe (mg g−1 media) 0.97 1.1 0.38 0.11
Kp (mg g−1 min^0.5) 0.02 0.017
K (g mg−1 min−1) 0.86 24.6
H (mg g−1 min−1) 0.13 0.31
Qe experimental (mg 

g−1 media)
0.37 0.11 0.37 0.11 0.37 0.11

C (mg g−1) 0.25 0.03
R2 0.75 0.95 0.999 0.996 0.999 0.999
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3.5 � Effect of media dosage

The adsorption capacities of PO4
3− P and SO4

2− onto 
smelter slag decreased with the increase in the smelter 
slag dosage (Fig. 7). The decrease was observed at a media 
dosage of 3.5 g, and thereafter any increase did not yield 
any change, suggesting that equilibrium was reached. The 
uptake of PO4

3− P and SO4
2− decreased with increasing 

adsorbent dosage because at high adsorbent dosage, the 
concentrations of PO4

3− P and SO4
2− are not sufficient to 

occupy all the active sites in the adsorbent resulting in 
a low uptake of PO4

3− P and SO4
2− [57]. This observation 

agrees with the findings of this study, in which the adsorp-
tion capacities decreased with increasing media dosages. 
The maximum adsorption capacities were at dosage of 
0.5 g/0.1 L of wastewater (5 g L−1) for both PO4

3− P and 
SO4

2− and this dosage will be the recommended value for 
practical application. If the concentrations of PO4

3− P and 
SO4

2− had reduced due to the availability of the adsorption 
sites as a result of increased media dosage, the available 
sites would no longer contribute to the removal of the 
pollutants. A high media dosage can lead to adsorbent 

aggregation, thereby reducing the percentage removal 
of adsorbate [58], which may have been the case in this 
study. The maximum experimental adsorption capacities 
of acid washed copper smelter slag for the adsorption 
of PO4

3− P and SO4
2− were 0.51 and 0.24 mg g−1 media, 

respectively. Washing the adsorbent with the acid may 
have increased the surface area and the pore volume of 
the adsorbent, since impurities such as carbonates could 
have been removed as reported by Santos et al. [12]. The 
findings of this study are comparable to the observations 
made by Fathy et al. [59] who reported that the alkali-acid 
treatment of rice straw enhanced the adsorption capac-
ity of the adsorbent for dye removal. A low dosage of the 
adsorbent leads to a low usage of the adsorption material, 
thereby minimizing the quantity required which would 
last for a long time.

3.5.1 � Equilibrium isotherms

Table 7 shows the equilibrium constants from the Fre-
undlich and Langmuir adsorption isotherms plots. The 
adsorption of both PO4

3− P and SO4
2− in acid washed 

Fig. 6   Intraparticle diffusion 
graph of PO4

3− P and SO4
2− 

adsorption onto acid washed 
copper smelter slag
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copper smelter slag was best described by the Langmuir 
isotherm, as their correlation coefficients were higher 
than those of the Freundlich isotherm. This suggests that 
the adsorption process exhibited a monolayer coverage 
of PO4

3− P and SO4
2− the on the surface of the adsor-

bent, revealing that the active sites are homogeneous 
and identical, and no further adsorption of the two ani-
ons after the active sites have been covered with the 
adsorbates [46]. The separation or Langmuir factors (RL) 
for the adsorption of the two adsorbates in acid washed 
copper smelter slag were 0.66 and 0.86 for PO4

3− P and 
SO4

2−, respectively. Since these values are less than unity 
(1), this indicates favourable adsorption process [60]. The 
experimental adsorption capacities for the removal of 
PO4

3− P and SO4
2− in the adsorbent were 10 and 3 times 

more than the theoretical values. This shows that adsorp-
tion isotherms do not always give realistic results, and 
pilot scale experiments should be conducted to better 
understand the process.

3.6 � The effect of initial pH

Figure 8 shows the effect of the initial pH on the adsorp-
tion capacity of the acid washed copper smelter slag 
during the removal of PO4

3− P and SO4
2−. The adsorption 

capacity decreased during the removal of PO4
3− P with 

increasing pH until pH 4 (0.07 mg PO4
3− P g−1 media), 

and then increased with increasing pH value. The maxi-
mum adsorption capacity for the removal of PO4

3− P was 
observed at pH 12, which was the highest pH observed 
above pHpzc. At pH > pHpzc, the adsorption of PO4

3− P 
in acid washed copper smelter slag might be due to the 
formation of the inner–sphere phosphate adsorption 
rather than an electrostatic interaction [61]. The results 
were almost similar to the findings by Liu et al. [62] where 
it was observed that when the initial pH was increased 
from 10.0 to 13.0 the removal of PO4

3− P was observed 
increasing Millero et al. [63] reported that the maximum 
adsorption capacity of calcite for PO4

3− P was at pH 8.6 and 
this was associated with the changes in the surface sites of 
the media or speciation of the phosphate ions in the solu-
tion and concluded that this was due to changes in the 
surfaces of the media. Since calcite mineral was present in 
the copper smelter slag, this could also have contributed 
during this study. The SO4

2− may have been competing 
with PO4

3− P and initially forming CaSO4 as a precursor and 
then converting to Hydroxyapatite (Hap).

Mustapha et al. [64] reported that the pH is a significant 
parameter that influences the adsorption process through 
adsorbent functional groups, surface charges, degree of 
ionization and solubility of the adsorbent. In contrast, the 
adsorption capacity of the acid washed copper smelter 
slag for the removal of SO4

2− was observed to increase 
with increasing pH, reaching maximum capacity at pH 
6 (0.36 mg SO4

2− g−1 media) and then decreasing to pH 

Table 7   Equilibrium isotherm parameters for adsorption of phos-
phate and sulphate ions onto acid washed copper smelter slag

Equilibrium iso-
therm

Parameter Sulphates ion phosphate ion

Langmuir Qmax 0.08 0.050
KL 0.01 0.02
R2 0.1 0.90
RL 0.86 0.66

Freundlich KF Unrealistic figure 0.00
n − 13 12.78
R2 0.06 0.84

Fig. 8   Effect of pH on the 
adsorption of phosphorus and 
Sulphates onto copper smelter 
slag
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10 and then increasing by 0.12 mg g−1 media at pH 12. 
The results suggest that as the adsorption of the other 
ion increases, the adsorption of the other ion decreases. 
Liu et al. [62] observed SO4

2− inhibits the adoption of 
PO4

3− P at a high concentration, where SO4
2− / PO4

3− P 
ratios ranged between 6.0 and 15.0 at pH 4.5. It was also 
reported that lower ratios of 1.5 to 3.0 at pH 4.5 enhanced 
PO4

3− P removal, and the ratio in this study was 0.7 and 
it was expected to enhance PO4

3− P removal. The results 
suggest that PO4

3− P removal was favoured compared to 
SO4

2−. A better PO4
3− P removal compared to SO4

2− may 
also be due to an increased solubility of calcite in the 
presence of SO4

2− [62]. The results on the adsorption of 
SO4

2− differ from the observations reported by Zheng et al. 
[64] where it was observed that the adsorption capacity 
of the material decreased with increasing pH. Lower pH 
values are associated with H+ ions on the surface of the 
media, which indicates a high adsorption rate because 
SO4

2− ions are negatively charged, hence the attraction 
between media and the SO4

2− ions.
It has been reported by Lin et  al. [65] that increas-

ing the pH from 4 to10 can lead to a decrease in the 
amount of H2PO4

− groups, in which leads to an increase 
in the HPO4

2− group whose removal is favoured by ligand 
exchange. This may not have been true for this study as 
a decrease in pH instead, suggesting that no OH− ions 
were released from the media in wastewater, which could 
increase the pH (Table 4). However, the results indicate a 
high PO4

3− P adsorption at a high pH above pHpzc. This 
was also observed by Ye et al. [66] on the adsorption of 
PO4

3− P on magnesia-pullan. This was attributed to the fact 
that a high pH only affects the adsorption rate through 
changing the surface charge of the adsorbent, but the 
number of OH− groups is insignificantly influenced, and 
the same could be true during this study. Liu et al. [67] 
reported that the dominant PO4

3− P removal mecha-
nism cannot be related to electrostatic attraction just 
because the removal can still take place at pH > pHpzc. 

At pH > pHpzc, the surface of the adsorbent is negatively 
charged due to the deprotonation of the functional groups 
of the sorbent which act ion exchangers with PO4

3− P ions, 
which indicates that the ion exchange was involved in 
the removal of phosphate by the slag. A high pH during 
PO4

3− P removal results in the final pH adjustment from 
11.49 to 9.5 if the initial pH was 12, and there is no concern 
if the initial pH is 10 was as it has been observed that the 
final pH is just within the threshold, and strict monitor-
ing is needed. It has been reported that adsorption occurs 
on positive, negative or neutral surfaces during specific 
adsorption when free energy is dominant [68]. The same 
may have happened during this study as the results 
revealed higher PO4

3− P retention capacities at pH > pHpzc 
(pH 10 and 12). For non-specific sorption to be occur, the 
adsorbent must have an overall positive charge, which is 
lower than pHpzc during PO43- P and SO42- adsorption, 
and this was not the case during this study. Therefore, the 
ion exchange between PO4

3− P, SO4
2− ions and ligands 

on the slag surface may have been the likely adsorption 
mechanism [68]. The pH influences the surface properties 
of the adsorbents and the solution dissociation process of 
the phosphate and sulphate ions in the solution [44]. For 
practical purposes of improving the adsorption capacity 
of the adsorbent, the pH can be altered to a level that pro-
motes retention of the ions by the adsorbent.

3.7 � Effect of temperature

Figure 9 shows the effect of temperature on the adsorp-
tion of PO4

3− P and SO4
2− in acid-washed copper smelter 

slag. The results show that there was a slight increase 
in the adsorption capacity of the media with increasing 
temperature. The observed increase in adsorption capac-
ity for PO4

3− P and SO4
2− between 30 and 50 °C was 1.4% 

and 150%, respectively. The maximum increases were 
observed at 60 °C, which was 39.2% and 188% for PO4

3− P 
and SO4

2−, respectively. The adsorption capacities at this 

Fig. 9   Effect of temperature on 
PO4

3− P and SO4
2− adsorption 

by copper smelter slag
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temperature were 0.103 ± 0.09 and 0.046 ± 0.004 mg g−1 
media for PO4

3− P and SO4
2−, respectively. The adsorption 

capacities differed to those observed earlier under normal 
conditions, which were 0.05 mg g−1 and 0.15 mg g−1 media 
for SO4

2− and PO4
3− P, respectively. Although the percent-

age increases are large, the actual increase in adsorption 
capacity was very small. The same results were reported by 
Jellali et al. [39] who reported an average rate of increase 
of 0.07 mg g−1 media when the temperature was increased 
from 20 to 40 °C. This suggests that the process was endo-
thermic due to the increase in the kinetic energy of the 
acid-washed copper smelter slag particles [39]. High tem-
peratures also promote the rapturing of bonds between 
functional groups on the slag surface, and thus increase 
the adsorption sites. The results contradict the obser-
vations by Yuan et al. [69] who reported a decrease in 
PO4

3− P adsorption with increasing temperature, which 
was an exothermic process. With increasing temperature, 
the interaction forces between PO4

3− P, SO4
2− and the 

wastewater weakened when compared to those between 
PO4

3− P, SO4
2− and the treated copper smelter slag. The 

PO4
3− P and SO4

2− were then easier to adsorb from waste-
water. Since real wastewater was used during the experi-
ment, there might have been other coexisting pollutants 
such as natural organic matter, humic acid which compete 
for active sites with PO4

3− P and SO4
2− for adsorption sites 

leading to low adsorption capacities observed. Since the 
increase in adsorption was very minimal as temperature 
was increased, there will not be a need to increase temper-
ature during pilot or field trials. This will reduce the costs 
of operation and maintenance since there will be no need 
to raise the temperature of the system.

3.7.1 � Thermodynamic studies

The results of the adsorption of the sulphates onto media 
revealed positive values of ΔG°, ΔH° and ΔS° at all the tem-
peratures investigated (Table 8) and the graphical plot is 
presented in Fig. 10. In case of phosphate sorption, nega-
tive values of ΔG° and ΔS° and positive values of ΔH° were 
obtained. It has been reported that a positive change in 
the entropy values indicate a high affinity of the contami-
nant to the adsorbent and the random solid–liquid inter-
face [70]. This suggest that sulphate ion had high affinity 
to smelter slag and increased randomness at solid–liquid 
interface during sorption [70] compared to the limited 
interaction between phosphate ion and the adsorbent. A 
spontaneous and non-spontaneous adsorption process is 
indicated by negative and positive values of change in the 
Gibbs free energy (ΔG°) [71]. In this case, this reflects that 
the adsorption of phosphates was a spontaneous process, 
while the sorption of sulphates was non-spontaneous at all 
temperature ranges of 303–333 K (Table 7). The adsorption 

of both phosphate and sulphate on acid-washed copper 
smelter slag showed that the process was endothermic, as 
the ΔH° values were all positive, meaning that energy was 
required for the sulphate and phosphate ions to migrate 
to the surface of the media. The results are comparable 
to the findings reported by Iftekhar et al. [10]. Thermody-
namic information such as enthalpy, Gibbs free energy and 
entropy can provide information about the randomness 
of the phosphate/sulphate ions at acid-washed copper 
smelter slag and the wastewater, spontaneity information 
and heat of adsorption [72].

3.8 � Adsorption mechanism

Understanding the nature of adsorption mechanisms, 
such as physical or chemical reactions between adsorb-
ates and adsorbents helps in knowing the dictating mech-
anism during the adsorption process. Almanassra et al. 
[72] reported that the adsorption mechanism is intercon-
nected to processes such as adsorption isotherms, kinetics 
thermodynamics, and these help in the long-term design 
of reactors for the water and wastewater treatment. Jel-
lali et al. [39] reported that low significance of other ani-
ons (though with high concentrations) during adsorp-
tion compared to phosphorus adsorption indicates that 
inner-sphere complexation is involved. This suggests that 
adsorption on the surface of the slag had strong chemi-
cal bond formations and in agreement with the findings 
of this study. Since Pseudo-Second Order equation bet-
ter described kinetic data, it further suggests that chem-
isorption was dominant during the adsorption process. 
The adsorption process might be similar to that observed 
by Yan et al. [73] which was described as phosphorus and 
sulphates transfer from aqueous solution to adsorption 
sites followed by chemical complexation or ion exchange 
at the active sites and lastly precipitation on slag surface 
(Fig. 11). Phosphate adsorption occurred at higher pH 
(10 and 12) than at pH < pHpzc when the surface of the 

Table 8   Summary of thermodynamic parameters

Temper-
ature 
(K)

Pollutant ΔG° (kJmol−1) ΔH° 
(kJmol−1)

ΔS° (kJmol−1)

303 Phosphorus − 0.00976
313 − 0.01026 8.9500 − 0.0172
323 − 0.01053
333 − 0.01545
303 Sulphate 16.86052
313 15.77766 0.06761 0.000234
323 15.48571
333 15.54153
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slag was supposed to have a negative charge similar to 
phosphates and sulphates ions. This may have been due 
to a specific adsorption, since adsorption occurs on posi-
tive, negative and neutral surfaces as observed by Almasri 
et al. [68]. The increase in the adsorption capacity with 
increasing temperature suggests that the process was 
endothermic. Another observation through intraparticle 
diffusion results suggests that intraparticle diffusion and 
other mechanisms such as film or external diffusion were 
involved in the adsorption process.

3.9 � Practical implications

The success of this study will benefit the country and 
the environment by reducing the costs associated with 
disposal of slag wastes. It will reduce pollution effects 
caused by phosphate and sulphate discharges. The low 
adsorption efficacy observed in this study requires fur-
ther investigation into other possible uses of the cop-
per smelter slag rather. The conventional wastewater 
treatment methods are known for their high energy 
requirements, high carbon footprints and large quan-
tities of unusable toxic sludge [74]. The success of the 

study will reduce the costs of sludge disposal and its 
toxicity effects on the environment [75]. There is a need 
to conduct another study on the same adsorbent at a 
pilot scale through fixed bed columns. During the cur-
rent study, the adsorbent particle sizes ranged from 
1.18 to 4.36 mm, which may have contributed to a low 
adsorption capacity and is unlike other studies where 
smaller particle sizes are used. The effect of the particle 
size could be investigated in the future to determine the 
appropriate size that leads to a higher adsorption capac-
ity. In addition, the agitation speed was not investigated, 
the study was conducted at only 120 rpm and additional 
studies at different shaking speeds could yield better 
results. Conducting the study in the fixed bed column 
mode could have improved the efficiency of the adsor-
bent because the depth of the column can be changed 
to find a suitable bed depth. The copper smelter slag 
should be disposed of in an environmentally friendly 
manner. There is an ongoing research in the same 
department investigating copper smelter slag as aggre-
gate for brick moulding. This is an ideal way to dispose 
the slag without polluting the environment. It will also 
reduce the costs of disposing the saturated adsorbents. 

Fig. 10   Van’t Hoff’s plot for 
sorption of phosphorus and 
sulphate onto copper smelter 
slag at 303,313,323 and 333 K
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Fig. 11   Schematic diagram of 
adsorption mechanism by acid 
washed copper smelter slag
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Another disposal option is to use the spent adsorbent 
as cover material on a local landfill and as aggregate for 
road maintenance. Such activities will reduce the pos-
sibilities of environmental pollution resulting from the 
saturated adsorbents.

4 � Conclusion

This study investigated acid-washed copper smelter 
slag for the removal of phosphorus and sulphates from 
wastewater. There was no secondary pollution released 
from the adsorbent as no heavy metals were released. 
Desorption of phosphates and sulphates was observed 
when the contact time was increased and this may be 
observed during pilot scale or field application. The 
treated slag showed improved the adsorption capac-
ity for phosphorus to 0.51 mg PO4

3− P g−1 media from 
previous results of 0.26 mg PO4

3− P g−1 media, and the 
capacity was observed decreasing with increasing media 
dosage as a result of many available active sites on the 
adsorbent and low concentration of ions in the solu-
tion. The acid-washed copper smelter slag adsorption 
capacity for sulphate adsorption was 0.24 mg SO4

2− g−1 
media. The highest adsorption capacity of phospho-
rus was 0.96 mg PO4

3− P g−1 media observed at pH 12, 
and SO4

2− was 03.9  mg SO4
2− g−1 media observed at 

pH 2. Temperature had no significant effect during the 
adsorption process and the thermodynamic studies sug-
gested and endothermic process. Although there was an 
improved adsorption capacity of the acid-washed slag, it 
would be expensive for practical use in slag treatment. 
For practical purposes, it will be necessary to adjust the 
pH before discharge into the environment if the waste-
water pH was to be adjusted to remove either PO4

3− P 
or sulphates. Overall, the study showed that a high pH 
could enhance PO4

3− P adsorption by the treated copper 
smelter slag. It may not be necessary to treat the slag as 
pH adjustment would enhance the removal capacity of 
the adsorbent. Other modifications to enhance perfor-
mance, such as heat treatment should be explored.
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