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Abstract
Phosphorous and nitrogen concentration, respectively, between 20–100 and 500–1000 μg/L can cause eutrophication. Thus, 
developing efficient low-cost removal method is important to protect the aquatic environment. The aim of this study is to 
investigate simultaneous nitrate and phosphate adsorption capacity of solid waste residue (SWR) generated from Awash 
Melkassa Aluminium Sulphate and Sulphuric Acid Factory. Batch adsorption experiments were conducted to evaluate the 
effect of various parameters on the simultaneous removal of nitrate and phosphate ions. The experimental results show that 
the equilibrium time was attained within 90 min, while the optimum pH and adsorbent dose were found to be 7 and 20 g/L, 
respectively. The pseudo-second-order equation with R2 values 0.99 and 1, respectively, fits to the adsorption kinetics of 
nitrate and phosphate. Moreover, isotherm analysis shows that adsorption of nitrate and phosphate was better modeled with 
Freundlich and Langmuir isotherms with R2 0.99 and 0.98 for phosphate and 0.99 and 0.96 for nitrate, respectively. Results 
of regeneration of the spent adsorbent show nearly 50% of the adsorbed phosphate can be desorbed with NaOH, while that 
of nitrate is 99.75%. Under optimum conditions, SWR can potentially remove phosphate from wastewater. However, the 
adsorbent is not suitable to remove nitrate ion from wastewater.
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Introduction

According to the famous Redfield ratio, the molecular ratio 
of carbon, nitrogen and phosphorus in phytoplankton is 
C:N:P = 106:16:1 (Liang 2007). Discharge of wastewater 
containing excess nitrogen and/or phosphorus species is a 
serious environmental problem worldwide, as these nutrients 
cause eutrophication of surface water bodies (Khelifi et al. 
2002; Painting et al. 2007; Tiemeyer et al. 2009; Wei et al. 
2008). Terrestrial ecosystems and headwater streams have a 
considerable ability to capture nitrogen or to change it to N2 
gas through denitrification (Vitousek et al. 2002). However, 
when loads of nitrogen from sources, such as fertilizer, sep-
tic tanks and atmospheric deposition, exceed the capacity 

of terrestrial systems, cascading harmful effects could be 
happened as nitrogen moves downstream to coastal ecosys-
tems (Galloway and Cowling 2002). Likewise, several mil-
lion tons of phosphorus-containing wastewater is directly 
discharged into the watercourses in the developing countries 
causing environmental damage. Hence, eutrophication of 
aquatic environment frequently causes fish kills, phytoplank-
ton blooms, and deteriorates water quality (Song et al. 2011).

Consequently, nutrient removal from wastewater is imper-
ative to deter eutrophication of water bodies and various 
techniques, such as chemical precipitation (Huang et al. 
2017), adsorption (Fink et al. 2016), reverse osmosis (Luo 
et al. 2017), biological removal (Chiu et al. 2015), elec-
trodialysis (Guedes et al. 2016) and constructed wetlands 
(Wu et al. 2015) widely employed to remove nutrients from 
wastewaters (Zeng et al. 2004). Enhanced biological treat-
ment can remove up to 97% of the total phosphorus though 
variability in chemical composition and temperature of 
wastewater would make the implementation of this process 
not feasible for wastewater treatment (Zhao et al. 2009). On 
the other hand, physical methods have been proved to be 
either too expensive, as in the case of electrodialysis and 
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reverse osmosis, or inefficient, removing only 10% of the 
total phosphorus (Zhao et al. 2009). Generally, the above 
methods are high tech and consequently need high cost 
which makes it difficult to apply in the context of devel-
oping countries like Ethiopia. However, adsorption method 
has become a popular method since it allows simple and 
economical operation resulting in less sludge production 
and fewer disposal problems (Olgun et al. 2013). Moreo-
ver, nutrient-loaded exhausted adsorption media can be 
used in agriculture as a phosphate fertilizer and soil condi-
tioner (Zeng et al. 2004). The objective of this study was to 
explore the feasibility of using residual solid waste (RSW) 
from manufacturing of aluminum sulfate and sulfuric acid 
for simultaneous removal of nitrate and phosphate ions from 
aqueous solution. Moreover, the study addressed optimiza-
tion, sorption kinetics study, isotherm study and desorption 
studies explain sorbent–sorbate interaction (s).

Materials and methods

Solution preparation and measurement of ion 
concentration

Stock phosphate solution was prepared by dissolving 
0.7165 g anhydrous KH2PO4 (99.5% pure) in deionized 
water and diluted to 1000 mL; 1.00 mL = 500 µg PO4

3−-P. 
In the same way, stock nitrate solution was prepared dis-
solving oven-dried 0.7218 g KNO3 (99.5% pure) pure in 
1000 mL distilled water; 1.00 mL = 100 μg NO3

−-N accord-
ing to standard methods for the examination of water and 
wastewater (Association APH, Association AWW 1989). 
Concentrations of nitrate and phosphate in the supernatant 
solution were analyzed according to standard method for 
the examination of water and wastewater (Association APH, 
Association AWW 1989) by ultraviolet screening method 
for nitrate ions and stannous chloride method for phos-
phate using UV–Vis spectrophotometer (DR 500) at 220 
and 690 nm, respectively. One mL of 1N HCl was added to 
50 mL of clear supernatant to treat samples prior to reading 
for nitrate ion concentration, and deionized water was used 
as a blank during measurement. Moreover, interference due 
to organic matter was monitored by measuring absorbance 
of the supernatant solution at 275 nm. On the other hand, 
the sample for measurement of concentration of phosphate 
in the supernatant was prepared by first adding phenolphtha-
lein indicator solution and strong acid solution was added 
till the pink color disappears. Acid-molybdate solution 
(4 mL) was added to each of the standards and sample and 
thoroughly mixed by inverting each flask four to six times. 
Then, 0.5 mL (10 drops) of stannous chloride solution was 
added to each of the standards and sample, and the flasks 
were stoppered and mixed by inverting each flask four to 

six times. Finally, after 10 min, but before 12 min, the color 
was photometrically measured for phosphate concentrate at 
690 nm using distilled water as a blank. Last but not least, 
average of the duplicate measurements was reported for all 
data in this work.

Adsorbent

Samples of SWR were collected from eight batches stocked 
in the compound of Awash Melkassa Alum and Sulphuric 
Acid Factory, East Shewa Zone, Oromia Regional State, 
Ethiopia. The collected samples were mixed in a 1:1 ratio 
and dried at laboratory room temperature. The dried com-
posite SWR samples were ground using mortar and sieved 
using sieves of mesh sizes 212 µm. Particle size less than 
212 µm was stored in an airtight plastic bottle for further 
experimental uses. The chemical and mineralogical compo-
sitions of the SWR were previously analyzed (Habte et al. 
2014).

Adsorption procedures

Sets of duplicate batch adsorption experiment were con-
ducted at room temperature. A solution of known con-
centrations of phosphate and nitrate was contacted with 
desired amount of SWR for a predetermined contact time 
under room temperature with blank and control experiments. 
Equilibrium time was determined by varying the contact 
time from 0 to 120 min and allowing 100 mL test solution 
containing 19.3 mg/L orthophosphate and 5.14 mg/L NO3-N 
to be adsorbed onto 20 g SWR dose via shaking the mixture 
in the 250-mL plastic bottle at 150 rpm. Optimum pH for 
maximum simultaneous removal of nitrate and phosphate 
ions was determined in a solution pH range of 2–12 allow-
ing 20 mg/L SWR to adsorb 19.3 mg/L orthophosphate and 
5.14 mg NO3-N/L in 250-mL container, respectively. The 
effect of adsorbent dose was investigated by varying the dose 
of SWR from 4 to 32 g/L at solution pH 7 and 150 rpm. 
Moreover, effect of the initial nitrate and phosphate con-
centrations on the simultaneous removal efficiency varying 
nitrate and phosphate concentrations from 3 to 19 mg/L and 
0.2 to 260 mg/L was studied, respectively. Furthermore, the 
effect of three coexisting ions such as chloride, bicarbonate 
and sulfate on simultaneous removal of nitrate and phos-
phate was studied by varying the concentration of each of 
the interfering ions from 5 to 100 mg/L.

Desorption experiment

Known concentration of phosphate (19.3 mg/L orthophos-
phate) and nitrate (5.14 mg NO3-N/L) was allowed to be 
adsorbed onto 20 g SWR at equilibrium time. Then, the 
supernatant was analyzed for residual adsorbate after 
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separating the adsorbent by filtration preceded by centrifu-
gation. The spent adsorbent separated through filtration was 
dried for 24 h at 105 °C. The oven-dried exhausted SWR 
was agitated varying concentration of NaOH (0.1, 0.5 and 
1.0 M) separately. Finally, the supernatant and adsorbent 
were separated by filtration using filter paper to analyze the 
amount of phosphate and nitrate desorbed.

Adsorption kinetics

The amount of adsorbate adsorbed at any time, t, onto the 
solid wastes is computed according to Eq. (1):

where C0 (mg/L) and Ce (mg/L) are sorbate (nitrate and 
phosphate) concentrations at time 0 and t, respectively. V 
is the volume of the solution (L) and M is the mass of alum 
waste (g). Percentage removal of anions was calculated by 
the following formula:

where C0 (mg/L) and Ct (mg/L) are initial and final con-
centrations of sorbate (nitrate and phosphate) at time 0 and 
t, respectively. Moreover, adsorption kinetics is one of the 
important characteristics defining the efficiency of adsorbent 
media. Accordingly, the kinetics of simultaneous nitrate and 
phosphate adsorption was evaluated applying pseudo-first-
order and pseudo-second-order models.

Pseudo‑first‑order kinetics

Lagergren presented a first-order rate equation to describe 
the kinetic process of liquid–solid phase adsorption (Lager-
gren 1898), which is expressed as given in Eq. (3):

where qe (mg/g) and qt (mg/g) are the amounts of nitrate and 
phosphate adsorbed on the adsorbent at equilibrium and at 
any time t, respectively, and k1 (min−1) is the rate constant 
of the first-order adsorption. After integration and applying 
boundary conditions qt = 0 at t = 0 and qt = qt at time = t, the 
integrated form of Eq. (3) becomes:

The value of k1 and qe can be obtained from the slope 
and intercept of the linear plot of ln (qe − qt) versus t, 
respectively.

(1)qt =
(C0 − Ct) ∗ V

M

(2)A(%) =

(

C0 − Ct

)

C0

∗ 100

(3)
dqt

dt
= k1(qe − qt)

(4)ln(qe − qt) = ln qe − k1t

Pseudo‑second‑order kinetics

The pseudo-second-order kinetic model presented by Ho and 
McKay (1999) is given in Eq. (5):

where k2 (g/mg min) is the rate constant of the second-order 
equation; qe (mg/g) is the maximum adsorption capacity; 
and qt (mg/g) is the amount of adsorbate adsorbed at time t 
(min). After integrating Eq. (5) by applying the conditions 
qt = 0 at t = 0 and qt = qt at t = t, Eq. (5) becomes:

The value of qe and k2 can be obtained from the slope and 
intercept of the linear plot of t/qt versus t, respectively. The 
value of qe and k2 can be obtained from the slope and inter-
cept of the linear plot of t/qt versus t, respectively.

Intraparticle diffusion model

Intraparticle diffusion model based on the theory proposed 
by Weber and Morris was used to determine whether particle 
diffusion was rate-limiting step or not during adsorption of 
nitrate and phosphate onto SWR. The mathematical equation 
for intraparticle diffusion model is given in Eq. (7) (Weber 
and Morris 1963):

where qt is the amount of phosphate or nitrate adsorbed 
(mg/g) at a given time t (min) and kp (mg/g min1/2) is the 
intraparticle diffusion rate constant. The kp value was 
obtained from plotting of qt versus t0.5.

Adsorption isotherm

Adsorption isotherm is a curve describing the phenomenon 
governing the retention (release) or mobility of a substance 
from the aqueous porous media or aquatic environments to 
a solid phase at a constant temperature and pH (Boparai 
et al. 2011; Foo and Hameed 2010; Kebede et al. 2016). 
Accordingly, the relationship between the amount adsorbed 
and adsorbate concentrations (nitrate and phosphate) in the 
aqueous phase at equilibrium was evaluated using three iso-
therm models: Langmuir, Freundlich and Dubinin–Radush-
kevich (D–R) models.

Langmuir isotherm

Langmuir isotherm model which was originally used to 
describe gas sorption on monolayer homogeneous solid 

(5)
dqt

dt
= k2(qe − qt)

2

(6)
t

qt
=

1

k2 qe2
+

t

qe

(7)qt = kpt
0.5
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surface with an assumption of identical adsorption sites 
could be used to predict adsorbate–adsorbent interaction at 
liquid–solid interface (Langmuir 1918). The Langmuir equa-
tion is summarized as in (Eq. 8):

where qe is the amount adsorbed (mg/g), Ce is the equilib-
rium concentration of adsorbate (mg/L), while qmax and KL 
are constants related to adsorption capacity and energy of 
adsorption, respectively (Zeng et al. 2004). Moreover, a 
dimensionless constant, commonly known as separation fac-
tor (RL) defined by Webber and Chakkravorti, is presented 
in Eq. (9):

where KL (L/mg) refers to the Langmuir constant and C0 is 
the adsorbate initial concentration (mg/L). The computed RL 
value suggests the adsorption nature to be either unfavorable 
(RL > 1), linear (RL = 1), favorable (0 < RL < 1) or irreversible 
(RL = 0) (Foo and Hameed 2010).

Freundlich isotherm

The Freundlich isotherm is used to describe non-ideal sorp-
tion on heterogeneous surfaces and multilayer sorption; 
Freundlich isotherm is summarized according to equation 
(Zeng et al. 2004).

where Ce is the equilibrium concentration (mg/L) and kf and 
n are Freundlich isotherm constants related to adsorption 
capacity and adsorption intensity, respectively.

Dubinin–Radushkevich isotherm

Another equation used during analysis was the D–R model 
which is written as (Fekadu 2016; Kooh et al. 2017):

where qm is the D–R constant. The sorption data were mod-
eled by D–R isotherm to determine the adsorption type as 
physisorption or chemisorption. The linear form of D–R 
model is expressed by the following equation.

where qe is the amount of nitrate or phosphate adsorbed 
per unit dosage of the adsorbent (mol/g), qm is the mon-
olayer capacity (mol/g), Ce is the equilibrium concentration 
of nitrate or phosphate (mol/L), β is the activity coefficient 

(8)qe =
qmax KLCe

1 + KLCe

(9)RL =
1

1 + KLC0

(10)qe = kfC
1∕n
e

(11)qe = qm exp
(

−��2
)

(12)ln qe = ln qm − ��2

related to mean sorption energy (mol2/kJ2) and ε is the 
Polanyi potential described as:

The mean sorption energy, E (kJ/mol), can be calculated as:

Relative fitting error parameter

The best-fit model was determined by evaluating the relative 
fitting error parameter (RFEP) value which was computed 
using Eq. (15) (Han et al. 2012):

where qave is the average value of the amount adsorbed per 
mass of adsorbent, n is the number of data points and SSR 
is the squared sum of residuals. The small values of RFEP 
represent better capability of the models to fit the experi-
mental data.

Results and discussions

Effect of contact time

Equilibrium time was determined by varying the contact 
time from 0 to 120 min and allowing 100 mL test solution 
containing 19.3 mg/L orthophosphate and 5.14 mg/L NO3-N 
to be adsorbed onto 20 g SWR dose via shaking the mix-
ture in the 250-mL plastic bottle at 150 rpm. The results 
show that removal of nitrate increased with time and reached 
maximum (0.071 NO3-N mg/g) at 60 min and became sta-
ble afterward (Fig. 1). Previous researchers reported similar 
finding, and the result is in agreement with the removal of 
nitrate using modified rice husk (Katal et al. 2012). Like-
wise, the amount of phosphate adsorbed was 0.962 mg/g in 
the first 60 min and almost remained unchanged afterward. 
Consequently, 90 min was considered as equilibrium time, 
and this result agrees with the previous report (Baraka et al. 
2012; Kamiyango et al. 2009).

Adsorption kinetics

Adsorption kinetics of simultaneous removal of nitrate and 
phosphate was evaluated by applying the pseudo-first- and 
pseudo-second-order kinetics equation. The parameters 
of the pseudo-first- and pseudo-second-order equations 

(13)� = RT ln

(

1 +
1

Ce

)

(14)E =
1

√

−2�
.

(15)REEP =

√

SSR/(n − 2)

qave
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for phosphate and nitrate adsorption on SWR are given in 
Table 1. The kinetic data well fitted to pseudo-second-order 
kinetics with R2 1 and 0.992 (Table 1) for phosphate and 
nitrate, respectively. Similarly, R2 value for the pseudo-first-
order kinetics of phosphate was 0.915, while that of nitrate 
was 0.698. This shows that the phosphate and nitrate adsorp-
tion kinetics data were better described by pseudo-second-
order kinetics than pseudo-first-order kinetics. The fact that 
the kinetic data of both phosphate and nitrate better fitted to 
pseudo-second-order kinetics shows that chemisorption was 
the dominant rate controlling mechanism during mass trans-
fer between sorbate and sorbent. Furthermore, the higher 
qe-experimental compared to qe-calculated during adsorp-
tion of nitrate and qe-experimental as high as qe-calculated 
during adsorption of phosphate suggests chemisorption is 
that dominant mechanism.

Effect of solution pH

Figure 2 shows that high phosphate removal efficiency was 
observed between pH 5 and 9, whereas high nitrate removal 

was achieved at pH 7 (0.05 mg/g NO3-N). The removal 
of phosphate in the pH range mentioned was found to be 
0.59 mg/g. The experimental results on the effect of ini-
tial solution pH showed that nitrate removal increased with 
the increase in pH from 2 to 7 and declined after pH 7 as 
shown in Fig. 2. High nitrate removal was achieved at pH 
7, whereas high phosphate removal was observed in the 
range of pH 5–9. This could be due to the aqueous phase 
pH effect that governs the dissociation of active binding sites 
on the sorbent (Katal et al. 2012). The decrease in nitrate 
removal above pH 7 could be due to stronger competition 
with hydroxide ions, while low removal below pH 7 can 
be attributed to instability of oxides of SWR at lower pH. 
This result is similar with the adsorptive removal of nitrate 
using red mud at pH 7 and lower removal at higher pH 
values (Cengeloglu et al. 2006; Katal et al. 2012). On the 
contrary, high phosphate removal was observed in the pH 
range 5–9 and low phosphate removal at pH < 5 as shown 
in Fig. 2. Low phosphate removal at pH < 5 pH could be 
due to predominant H3PO4, which is weakly attached to the 
sites of the SWR. The low phosphate removal efficiency at 
higher pH could be because of the competition of OH− for 
the adsorption sites with H2PO4

−, HPO4
2− and PO4

3− (Zhang 
et al. 2009). Similar result was previously reported (Zhang 
et al. 2010). In conclusion, the wide pH range for phos-
phate removal is of practical importance in the removal of 
the pollutant.

Effect of adsorbent dose

The effect of adsorbent dose was studied by varying the 
dose between 4 and 32 g/L. It was observed that the per-
cent removal of phosphate ions onto SWR increased from 
99.36 to 99.93% with increasing SWR dose from 4 to 32 g/L. 
Similarly, percent removal of nitrate increased from 22.34 to 

Fig. 1   Effects of contact time on simultaneous removal of nitrate and 
phosphate ions

Table 1   Parameters of pseudo-first- and pseudo-second-order adsorp-
tion kinetics of phosphate and nitrate

Adsorbate Pseudo-first order Pseudo-second order

Parameters Value Parameters Value

Phosphate qe (mg/g) 0.962 qe (mg/g) 0.962
qe, cal (mg/g) 0.003 qe, cal (mg/g) 0.962
K1 (min−1) 0.048 K2 (g/(mg/min) 41.206
R2 0.698 R2 1

Nitrate qe (mg/g) 0.071 qe (mg/g) 0.071
qe, cal (mg/g) 0.110 qe, cal (mg/g) 0.006
K1 (min−1) 0.082 K2 (g/(mg/min)) 2318.144
R2 0.915 R2 0.984

Fig. 2   Effect of pH on the simultaneous removal of nitrate and phos-
phate ions
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32.20% with the increased dose of SWR (Fig. 3a, b). It was 
observed that the amount of phosphate removed increased 
with increasing SWR dose as shown in Fig. 3a. When the 
adsorbent dose was increased from 4 to 32 g/L, the percent-
age of phosphate adsorption increased from 99.3 to 99.8%. 
The increase in the percent removal with the increase in the 
SWR dose was due to the increase in the active binding sites 
and surface area as dose of the adsorbent increased (Zhang 
et al. 2010). But, at higher adsorbent dose the uptake of 
phosphate did not increase significantly probably because 
saturation could be attained. This result agrees with the pre-
vious observation (Özacar 2003). Oppositely, the increase in 
SWR dose did not cause a significant increase in the removal 
of nitrate ions. The percent removal increased from 24.3 to 
32.2% when the dose was varied from 4 and 32 g (Fig. 3b). 
The little increase in the percentage removal of nitrate with 
increasing SWR dose is probably because of the absence 
of any appreciable increase in the effective surface area 

resulting due to the conglomeration of exchanger particles 
on SWR surface. This result is similar with the observation 
of Katal et al. (2012), who observe no appreciable increase 
in percent removal of nitrate with increasing dose of modi-
fied rice husk.

Effect of initial concentration

The effect of adsorbate concentration on the adsorption was 
investigated by varying the initial concentration of phos-
phate between 0.2 and 260 mg/L and that of nitrate–nitro-
gen between 3 and 19 mg/L. The results revealed that the 
percentage removal increased from 70 to 99.97% with the 
increase in phosphate concentration from 0.2 to 260 mg/L 
(Fig. 4a), while that of nitrate decreased from 26.33 to 6.53% 
with the increase in the concentration of nitrate–nitrogen 
(Fig. 4b). The decrease in nitrate adsorption could sug-
gest lack of available area required for the high initial 

Fig. 3   Effect of adsorbent dose on the simultaneous removal of a phosphate and b nitrate

Fig. 4   Effect of initial concentration on the simultaneous removal of a phosphate and b nitrate
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concentration of nitrate. The higher uptake of nitrate at low 
concentration may be attributed to the availability of more 
area on the surface of the adsorbent for lesser number of 
adsorbate species. This result is similar with the observation 
made by Katal et al. (2012) where there is a decrease in the 
percentage removal of nitrate from 94.5 to 46.3% with the 
increase in initial concentration from 50 to 300 mg/L. Con-
trary to this, percentage removal of phosphate ions for the 
same adsorbent dose showed an increase in the percentage 
removal from 70 to 95.4% with increasing concentration of 
phosphate ions from 0.2 to 260 mg/L (Fig. 4a). The increase 
in the percentage removal of phosphate with the increase in 
the initial concentration could be attributed to the effect of 
increased concentration gradients between bulk and adsor-
bent surface resulting in better mass transfer (Milmile et al. 
2011).

Adsorption isotherms

The adsorption isotherm data of simultaneous removal of 
phosphate and nitrate using SWR were analyzed applying 
the three commonly used isotherms, Langmuir, Freundlich 
isotherm and D–R isotherm models, and the summary data 
are presented in Table 2. The result showed that adsorption 
of phosphate and nitrate well described by the Freundlich 
isotherm with R2 values 0.988 and 0.991, respectively. Like-
wise, adsorption isotherm data fitted to Langmuir isotherm 
with R2 equal 0.984 for phosphate and 0.955 for nitrate. 
The fitting of equilibrium adsorption data to Langmuir and 

Freundlich isotherm models suggests that both heterogene-
ous and homogenous adsorption surfaces on the adsorbent 
involved in the adsorption of the ions. Moreover, examina-
tion of R2 and RFEP values confirmed that the Freundlich 
isotherm model better described the equilibrium adsorption 
with higher R2 and smaller RFEP values, giving adsorption 
capacities of 5.361 and 0.034 mg/g for phosphate and nitrate, 
respectively (Table 2). Furthermore, the RL values found in 
this study were between 0 and 1 for both adsorbates which 
depicts the adsorption process to be favorable as presented 
in Table 2 (Foo and Hameed 2010).

On the other hand, the mean sorption energy was com-
puted according to Eq. (14), where sorption energy less than 
8 kJ/mol suggests physisorption, while value of mean sorp-
tion energy greater than 8 kJ/mol indicates chemisorption. 
The mean sorption energy computed from the D–R equa-
tion for phosphate was found to be 8.506 kJ/mol, while that 
of nitrate was 3.272 kJ/mol (Table 2). The computed mean 
sorption energy values suggest that physisorption is the main 
mechanism for the sorptive removal nitrate and chemisorp-
tion for phosphate.

Intraparticle diffusion

Analysis of equilibrium data using intraparticle diffusion 
model shows that intraparticle diffusion is not the rate-deter-
mining step as the graph of qt versus t0.5 did not pass through 
the origin as shown in Fig. 5a, b. The plots the adsorption of 
phosphate and nitrate were not linear throughout the whole 

Table 2   Isotherm parameters for the removal of nitrate ions by untreated SWR

Freundlich isotherm Langmuir isotherm

Parameters Value Parameters Value

Phosphate kf (mg/g) 5.361 qmax (mg/g) 13.150
N 2.727 b (L/mg) 0.367
R2 0.988 R2 0.984
RFEP 1.619 RL 0.010–0.932

RFEP 2.199
Nitrate kf (mg/g) 0.034 qmax (mg/g) 0.065

N 4.740 b (L/mg) 0.594
R2 0.991 R2 0.955
RFEP 3.825E−6 RL 0.081–0.359

RFEP 1.931E−5

D–R isotherm D–R isotherm

Phosphate Nitrate

qm 5.474E−4 qm 2.150E−6
β (mol2/kJ2) 0.00691 β (mol2/kJ2) 0.0467
R2 0.996 R2 0.992
ED–R (kJ/mol) 8.506 ED–R (kJ/mol) 3.272
RFEP 6.128E−11 RFEP 8.659E−16
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range of time and do not pass through the origin (Fig. 5). 
This indicates that intraparticle diffusion was not the only 
rate-limiting step in the simultaneous adsorption of nitrate 
and phosphate. Therefore, other mass transfer processes like 
film diffusion and bulk diffusion could be there in determin-
ing the mass transfer mechanism of nitrate and phosphate 
ions from the bulk solution to the adsorbent surface.

Effect of coexisting ions

The effect of common coexisting ions, such as chloride, 
sulfate and bicarbonate, in wastewater on the simultane-
ous adsorption of phosphate and nitrate was investigated by 
varying the concentration of the anions from 5 to 100 mg/L 
in the solution. The result shows that the presence of indi-
vidual or the mixture of the three ions in the solution did 
not significantly affect the removal efficiency of phosphate 
when compared with the removal efficiency of phosphate 

without the presence of the ions in the solution (Fig. 6a). 
The removal efficiency of phosphate without the presence 
of the ions was represented by “control” in Fig. 6a. On the 
hand, the increase in concentration of all the coexisting ions 
significantly affected the removal efficiency. The effect of 
chloride is not as prominent as bicarbonate and sulfate indi-
cated in Fig. 6b. The result reveals that percent removal of 
nitrate ion by SWR significantly decreased with increasing 
the concentration from 5 to 100 mg/L of the coexisting ani-
ons (Fig. 6b). The decrease in percent removal of nitrate ion 
with the increase in the concentration of the coexisting ions 
could be due to the non-specificity of the adsorbent sites 
for nitrate adsorption or lack of available surface area on 
SWR for high concentration of the anions. Nitrate removal 
significantly decreased with the increase in bicarbonate 
concentration from 5 to 100 mg/L because the increase in 
concentration of bicarbonate is expected to raise the solution 
pH above the optimum pH, while decreased nitrate removal 

Fig. 5   Intraparticle diffusion plot of simultaneous removal of a phosphate and b nitrate ions

Fig. 6   Effect of coexisting ions on the simultaneous removal of a phosphate and b nitrate
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with the increase in sulfate concentration could be due to 
high charge density of sulfate as compared to nitrate as pre-
viously described (Katal et al. 2012). Besides, sulfate ion 
can form both inner- and outer-sphere complexes as opposed 
to nitrate which only forms outer-sphere complex and is a 
weak binding anion. The effect of coexisting anions can be 
summarized in the decreasing order of their effect on nitrate 
removal as: bicarbonate > sulfate ≫ chloride. The result of 
the effect of the coexisting anions on the nitrate removal 
by SWR is similar with the previous observation made by 
Katal et al. (2012).

Desorption

The experimental results of the effect of pH revealed that the 
adsorption of phosphate and nitrate significantly decreased 
in the extreme pH values (“Effect of solution pH” section). 
This could suggest that desorption of the adsorbates can be 
effective using either extreme acidic or basic pH. The data 
found from the desorption experiment showed nearly 50% 
of the adsorbed phosphate were desorbed by 1.0 M NaOH. 
Unlike phosphate 100%, desorption of nitrate was observed 
using 1 M NaOH. The results of desorption experiments 
are given in Fig. 7. This result agrees with the observations 
of previous researchers (Dai et al. 2011; Zhang et al. 2009, 
2010). Moreover, when concentration of NaOH increased 
in similar manner, the nitrate percent desorption increased 
from 84.18 to 99.75% (Fig. 7) and similar result was pre-
sented by Schick et al. (2011) where 0.1 M NaOH desorbed 
85% nitrate from the spent modified rice husk. The nearly 
complete desorption of nitrate could suggest nitrate ions are 
weakly bound to the SWR.

Removal of phosphate and nitrate from wastewater

Adsorption experiment conducted using real wastewater 
showed that phosphate removal decreased to 77.5% for 
initial phosphate concentration of 7.17 mg/L, while that 
of nitrate decreased to 4.6% for initial nitrate–nitrogen 
concentration 1.3 mg/L. These significant decreases in 
phosphate removal could be due to the organic content 
and high electrical conductivity that might have halted the 
adsorption process via blocking and competition for the 
adsorbent sites, respectively.

Conclusions

This work dealt with simultaneous phosphate and nitrate 
removal using untreated solid water residue collected from 
alum and sulfuric acid factory. The result showed phosphate 
and nitrate adsorption on SWR was dependent on solution 
pH. The adsorbent showed low tendency toward adsorbing 
nitrate (0.071 mg/g), while the affinity of the SWR toward 
phosphate (0.962 mg/g) was good within equilibrium time. 
Higher affinity of the SWR to phosphate was further con-
firmed by desorption experiment whereby nearly 100% 
nitrate and 50% phosphate were desorbed with 1 M NaOH. 
Further analysis showed mean sorption energy of 8.506 kJ/
mole which justified the interaction between phosphate and 
SWR was predominantly chemical adsorption. Oppositely, 
the removal mechanism for nitrate was predominantly physi-
cal adsorption with mean sorption energy equal to 3.272 kJ/
mole. Study on application of the SWR for real wastewater 
treatment showed promising result in terms of removing 
phosphate removal though efficiency was decreased, but 
showed very low tendency for nitrate. Finally, SWR has the 
potential to extract phosphate from wastewater and phos-
phate-loaded SWR could be used as a soil conditioner with 
further investigation.
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