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ABSTRACT: Phosphorous from municipal and industrial wastewater is the main cause of eutrophication of rivers and lakes, because effluent
quality from conventional secondary wastewater treatment plants does not meet the discharge standard that demands further treatment.
Therefore, we investigated pumice as a potential low-cost adsorbent for the tertiary treatment of phosphate from municipal wastewater. The
phosphate adsorption process reached equilibrium after 60 minutes contact time and achieved a removal efficiency of 94.4% = 0.7% for
an adsorbent dose of 10g/L in 3mg/L phosphate solution. The highest phosphate removal was recorded at pH 7. The experimental data
best fitted with the Redlich-Peterson isotherm and the pseudo-second-order kinetic models. The coexisting anions decreased phosphate
adsorption in the order of mixture >S0,?>~>HCO;~>NOz;~ > Cl->CO4-. Pumice removed 95% *0.2% of phosphate from effluents of the
secondary treatment unit of a municipal wastewater treatment plant. Furthermore, effective regeneration of saturated pumice was possible
with a 0.2MNaOH solution. Therefore, pumice could be a technically workable low-cost reusable adsorbent for phosphate removal from
wastewater as a tertiary treatment to curb eutrophication of surface waters. However, further column adsorption study is recommended for
a continuous flow system to optimize process design variables and scale up for field applications.
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Introduction
Water is an essential resource for human survival, economic
development, and the proper functioning of ecosystems.
However, due to exponential population growth, rapid indus-
trialization and urbanization, and expansion of agriculture, the
water demand has increased tremendously and resulted in the
generation of large volumes of wastewater, which contain a
higher concentration of various pollutants including phosphate
that adversely impacts the environment and ecosystems.!3
Excessive phosphate enrichment is the most common cause of
eutrophication of freshwater lakes, reservoirs, streams, and
headwaters of estuarine systems.* The adverse environmental
impacts of eutrophication are the reduction of biodiversity,
harmful algal blooms, increasing the turbidity of water bodies,
and decreasing the storage volume of lakes and reservoirs.®
Phosphate removal from wastewater is challenging and calls
for innovation in treatment technology development.
Phosphate removal techniques fall into physical, chemical, and
biological treatment methods.” The phosphate removal effi-
ciency of physical conventional wastewater treatment methods
is very low (5%-10%), and those efficient ones such as electro-
dialysis and reverse osmosis are too expensive. As a result,
chemical precipitation is the most widely used method to
remove phosphate from wastewater. However, chemical treat-
ment methods are not sustainable due to high operational cost
for chemicals and due to an increase in chemical sludge volume
up to 40% that are hard to dispose of, and neutralization of the
effluent has various drawbacks.®? Moreover, because most
phosphorus compounds in wastewater are water-soluble,

precipitation using chemical treatment removes only a small
fraction.10

In conventional biological wastewater treatment, phosphate
removal efficiency usually does not exceed 30%. The effluent
quality remains high above discharge standard limits'®!! that
demands further treatment by integrating with other removal
techniques. In general, conventional wastewater treatment
plant effluent consists of about 3 to 4mg/L of total phospho-
rous, of which phosphate comprises 70% to 90%.12 Among
biological treatment methods, enhanced biological phosphorus
removal is becoming a standard method.’3'> However, the
technology faces unpredictable failures due to abortive or
reduced activity of polyphosphate-accumulating organisms, for
example, free nitrous acid generation inhibits biological pro-
cess.’017 Therefore, it has become necessary to develop innova-
tive and low-cost remediation technologies to curb pollution
and improve surface water quality.

Different adsorbents such as hybrid impregnated polymeric
sorbent containing hydrated ferric oxide,® industrial acidified
laterite by-product,'® clay soil,'? slag and fly ash,” activated red
mud,? steel slags,?! silicate hybrid materials,?? ferric oxyhy-
droxide sulfate,?3 a mixture of sand and dolomite,?* alginate/
goethite hydrogel composite,” and ZnCl, activated coir pith
carbon? have been investigated for the removal of phosphate
from aqueous solution. The chosen adsorbent should be readily
available, effective to remove the contaminant, and cheap.
Nevertheless, there is no reliable and easily applicable adsor-
bent for practical application. And the wastewater manage-
ment sector requires more effective and cheaper adsorbents. As
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a result, looking for locally available materials that could be
applicable in developing countries, including Ethiopia, is
urgent.

Pumice is among the most promising volcanic rocks studied
as low-cost adsorbents mainly for heavy metals.?”-3! It has a
more comprehensive global distribution in areas with young
volcanic fields, including the East Africa countries such as
Ethiopia, Eritrea, Kenya, and Tanzania.3? The Ethiopia Rift,
which covers around 30% of the area of the country, is rich in
pumice.® Few studies on adsorption of phosphate onto pumice
reported the material as a promising adsorbent for phosphate
removal from wastewater.3437 However, the experiments were
on synthetic solutions simulated for raw wastewater and land-
fill leachate. As a result, the initial phosphate concentrations
and pumice doses were larger for practical application in ter-
tiary wastewater treatment. Furthermore, the studies did not
assess the effect of particle size and major coexisting ions such
as CO;, HCO?-, and NO?*-.

Therefore, this batch adsorption study was conducted using
synthetic solutions as well as effluents from a secondary treat-
ment unit of a municipal wastewater treatment plant. The
study aimed at determining the sorption capacity of phosphate
onto pumice; identifying optimum design parameters, such as
contact time (5-120minutes), pH (3-12), adsorbent dose
(2-50g/L), particle size (<0.075-4.75 mm), initial phosphate
(0.5-20mg/L), competing (10-
100mg/L), and agitation speed (100-2501/min); and evaluat-
ing the regeneration and reusability potential of pumice for
practical application.

This study demonstrated the potential of pumice for phos-
phate removal from effluents of the secondary treatment unit

concentration anions

of a wastewater treatment plant to control eutrophication of
surface waters.

Materials and Methods

Adsorbent preparation and characterization

The pumice for this study was collected from the Nazareth
area (8.47933° N, 39.24352° E), east of Addis Ababa, in the
main Ethiopian Rift. The collected pumice granules were
washed with distilled water and dried in an oven at 105°C for
12 hours to remove moisture.?” After drying, the samples were
manually ground using a mortar and pestle and sieved into four
sieve size fractions: silt (<0.075mm), fine (0.075-0.425 mm),
medium (0.425-2.0 mm), and coarse (2.0-4.75mm) in diame-
ter using the American Society for Testing and Materials
(ASTM D 422) soil textural classification system.’8 The sieved
pumice samples were kept in an airtight plastic container at
room temperature until used for the experiment.

We determined the point of zero charge of pumice using
0.01 M NaCl solution as an electrolyte and titrating with 0.1 M
solutions of NaOH or HCL* The pH of the electrolyte solu-
tion was adjusted to the desired values ranging from 3 to 12 in
beakers holding a 50 mL solution. Then a 0.5g of pumice was
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added into each beaker and shaken for 48hours to complete
the reaction. Finally, the adsorbent was filtered and measured
the final pH of each beaker. The point of zero charge of the
pumice was figured out by plotting the initial pH versus the
pH after 48 hours of agitation. For pH determination, 0.2 g of
the dry and grinded pumice was mixed with 25 mL of distilled
water and boiled for 30 minutes in stoppered glass bottle.* The
pH of the adsorbent was measured using a Model HI-98194
digital multiparameter probe, letting 5minutes for the pH
probe to equilibrate. The chemical composition, specific sur-
face area, porosity, particle density, and cation exchange capac-
ity of samples collected from the same area were reported by a
previous study.®® We used pumice samples collected from the
same source. The samples were stored in the laboratory at
Jimma University.

Preparation of synthetic phosphate solutions

All chemicals used were of analytical grade reagents purchased
from the Afro-German Chemicals Est. PL.C. Phosphate
stock solution of 50 mg/L was prepared by dissolving 0.2195¢g
of anhydrous potassium dihydrogen phosphate (KH,PO,) salt
in 1L of distilled water.*! All working solutions of the desired
concentrations were prepared by diluting the stock solution.
Potassium salts of chloride, nitrate, sulfate, and the sodium salt
of bicarbonate and carbonate anions were used to investigate
the effect of competing anions on phosphate adsorption. The
pH of the solutions was adjusted by adding 0.1M NaOH and
0.1M HCL.

Wastewater effluent sample collection and analysis

The wastewater effluent used in this study was collected from
the outlet of a waste stabilization pond located at 7.7° N and
36.8° E in Jimma Town, southwest Ethiopia, in February 2019,
dry season in the Ethiopian context. We used composite efflu-
ent samples collected four times per day from 8:00a.m. to
5:00p.m. at 3hours interval. The effluent samples were col-
lected using polyethylene bottles washed with distilled water,
soaked in 10% HCI overnight, and then rinsed again with dis-
tilled water. After sampling, the bottles were stoppered and
immediately transported to the Laboratory of Department of
Chemistry, Jimma University (Ethiopia). A cold storage at 4°C
was maintained from sampling until analysis.

The physicochemical characteristics of both untreated and
treated samples were analyzed following standard methods for
the examination of water and wastewater.*? Temperature, pH,
and electrical conductivity (EC) were measured using Model
HI-98194 multiparameter probe. Titration with sulfuric acid
was used for the determination of carbonate and bicarbonate.
Chloride and nitrate were measured using the argentometric
method and phenoldisulfonic acid method, respectively.
Moreover, we used a gravimetric method with ignition of the
residue for sulfate, ascorbic acid method for phosphate, open
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reflux method for chemical oxygen demand (COD), and modi-
fied Winkler’s (Azide modification) method for 5-day biologi-
cal oxygen demand (BOD) determinations.

Adsorption experiment

Batch adsorption experiments were conducted to study the
removal process and efficiency of phosphate adsorption on
pumice under various experimental conditions. In all experi-
ments, a known concentration of phosphate and the chosen
weight of pumice were mixed in 100mL of solution in a 250-
mL acid-washed Erlenmeyer flask. The adsorbent was equili-
brated by shaking with 0.01M CaCl,.2H,O for 12hours
before the actual experiment to maintain a constant ionic
strength and minimize cation exchange.’%* The pH of phos-
phate solution and pumice mixture was set to 7.0 using 0.11M
HCI and NaOH. Then, the flask with the solution was shaken
on a horizontal shaker (SM 30C, Edmund Buhler) at 2001/
min for 60minutes (equilibrium time) to homogenize and
speed up the reaction. Finally, 50 mL of the prepared solutions
were centrifuged (Centrifuge 5804, Eppendorf AG, Hamburg,
Germany) at 3000r/min for 15 minutes and the supernatant
liquid analyzed for phosphate concentration using a spectro-
photometer (Spectrophotometer, V-630 JASCO, Tokyo, Japan)
at wavelength of 880 nm.*

The adsorption capacity of the adsorbent at any time # and
removal efficiency in percent were determined using Equations

(1) and (2), respectively®
9, Z(Ca _Ct)_ (1)

A((V):wxloo ()
’ C

where ¢, is the amount of phosphate adsorbed per unit mass of
the adsorbent (mg/g), C, is the initial concentration of phos-
phate in the aqueous phase (mg/L), C, is the concentration of
phosphate as phosphorus in the aqueous phase at time # (min-
utes) in mg/L, M is the dry mass of the adsorbent (g), V'is the
initial volume of the aqueous phase in contact with the adsor-
bents during the adsorption test in liter (L), and 4 (%) is the
adsorbed phosphate in percent at time 2.4

The distribution coefficient (K},) is the ratio of the concen-
trations of adsorbate on the adsorbent and in solution at equi-
librium conditions. This value indicates the capability of the
adsorbent to retain a solute and the extent of its movement in
a solution phase.*’ The K, values of phosphate adsorption onto
pumice were calculated using Equation (3) as follows

K, =1 3)
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where ¢, is the concentration of phosphate in the solid particles
(mg/g) and C, is the concentration of phosphate in water
(mg/L).

To verify the repeatability of the experimental data, each
test was run in duplicate, and the reported data are
mean * standard deviation values. Furthermore, control (only
the test solution without adsorbent) and blank (only the adsor-
bent without the test substance) tests were conducted for each
set of experiments. The standard deviations calculated using

Microsoft Office Excel 2016 software were less than 2.5%.

Adsorption kinetics and rate-limiting steps

Understanding the adsorption kinetics of pollutants onto
adsorbent materials is essential for sizing the adsorption system
structure for pollutant removal. Adsorption kinetics was deter-
mined by batch experiments involving monitoring of phos-
phate concentrations over time until equilibrium is reached. 44
Pseudo-first-order and pseudo-second-order kinetic models
were used to analyze the fitting degrees of the models of phos-
phate adsorption onto pumice.?** The pseudo-first-order
kinetic model is presented using Equation (4)

K .t
S (4)
2.303

log(g, —¢,)=1logg, -

where K is the pseudo-first-order rate constant of adsorption
(1/min), and ¢, and ¢, (both in mg/g adsorbent) are the amount
of phosphate adsorbed at any time # and at equilibrium, respec-
tively. Straight-line plots of log(g,—¢,) versus # were used to
calculate rate constants and the determination coefficient (R?).

The pseudo-second-order kinetic model was evaluated by

plotting Equation (5)

S 5)

9. Kq q.

where K| is the pseudo-second-order adsorption rate con-
stant (mg/min). If the pseudo-second-order kinetics is
applicable, the plot of #/¢, versus ¢ shows a linear
relationship.

The intraparticle diffusion model describes the relationship
between potential rate-controlling steps ¢, and the square root
of time (#°°) as shown in Equation (6)*°

g, =K, +C (6)

where ¢, is the amount of phosphate adsorbed (mg/g) at a given
time ¢ (minutes), k, [mg/(g.min®)] is the intraparticle diffu-
sion rate constant, and C (mg/g) is the intercept of the intra-
diffusion is
rate-limiting, ¢, versus #%° will be a straight line and passes
through the origin. Otherwise, both surface adsorption and
intraparticle diffusion contribute to the reaction rate.

particle diffusion model. If intraparticle
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Adsorption isotherms

Adsorption isotherm models are used to assess the relationship
between the amount of adsorbate adsorbed per unit mass of the
adsorbent and the concentration of adsorbate in the aqueous
phase at equilibrium.* Langmuir, Freundlich, and Redlich-
Peterson models are among the most widely used isotherm
models for describing the data of adsorption experiments.>!
These models can be used to determine the design parameters
and optimize the operating conditions of the adsorption sys-
tem. Furthermore, the models help to predict the removal effi-
ciency of the solute and estimate the amount of adsorbent
needed to remove ions from aqueous solution.”? In this work,
these three isotherm models were used to investigate the
adsorption mechanisms phosphate onto pumice.

The Langmuir isotherm which is valid for monolayer sorp-
tion onto the adsorbent surface is given by Equation (7)>

60,C,
L) @
where ¢, (mg/g) is the amount of phosphate adsorbed per unit
mass of adsorbent (pumice), C, (mg/L) is the phosphate con-
centration in the liquid phase at equilibrium, Q, (mg/g) is the
Langmuir constant that represents the monolayer adsorption
capacity, and & (L/mg) relates to the heat of adsorption. The
Langmuir isotherm can be described in terms of the dimen-
sionless constant called a separation factor (R;) to illustrate
the extent to which the adsorption reaction proceeded and
evaluate the feasibility of the adsorption process (Equation (8))

1

R, = (8)
1+4C,

The shapes of the isotherms are expressed by R; and values
are interpreted as favorable adsorption if 0 < R, <1, unfavora-
ble adsorption if R; > 1, linear adsorption if R, =1, and irre-
versible adsorption if R, =0.

The Freundlich isotherm model, which assumes a multisite
adsorption for heterogeneous surfaces, is expressed in Equation

)
g =K, C/" ©)

where K (L/mg) is related to the total adsorption capacity and
1/n is a dimensionless number related to the intensity of
adsorption that indicates the relative distribution of the energy
and the heterogeneity of the adsorbate sites.

The Redlich-Peterson isotherm model is an empirical iso-
therm incorporating three parameters that combine the fea-
tures of Langmuir and Freundlich isotherms. ! According to
this model, the mechanism of adsorption is a blend of the two
models and does not follow ideal monolayer adsorption. The
Redlich-Peterson model is presented as
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o= (10)
1+a,C"
where K (L/g) and a, (L/mg) are parameters of the Redlich-
Peterson isotherm equation, and ny is the Redlich-Peterson
exponent (dimensionless) that lies between 0 and 1.
Linearization of adsorption isotherms data might change
the error structure of experimental data.>! Therefore, nonline-
arized regression analysis that provides a mathematically rigor-
ous method for determining adsorption parameters using the
original form of isotherm equations becomes the preferred
option to select the best-fit model, because these methods min-
imize error distribution between the experimental and pre-
dicted data. Thus, we used the sum of the square of errors
(SSE), hybrid fractional error function (HYBRID), sum of the
absolute errors (EABS), average relative error (ARE),
Marquardt’s percent standard deviation (MPSD), coefficient
of determination (R?), Spearman’s correlation coefficient (r,),
the standard deviation of relative errors (SRE), and nonlinear
chi-square test (%2) to identify the most best-fit isotherm
model in describing the adsorption process of phosphate onto
pumice. The mathematical statements of these error functions
are summarized in Table 1.

Results and Discussion
Effect of contact time

The effect of contact time on phosphate adsorption onto pum-
ice was investigated by adding 10g/L pumice in 100mL of an
aqueous solution of 3mg/L phosphate in volumetric flasks.
The phosphate removal efficiencies were 49.4% * 2.2%,
82.5% % 0.9%,88.1% = 2.3%,94.2% * 0.9%,and 94.4% = 0.7%
for a contact time of 5, 15, 30, 45, and 60 minutes, respectively
(Figure 1). The adsorption rate increased sharply up to 15 min-
utes and then gradually reached equilibrium after 60 minutes of
reaction time. However, previous studies’® on removing
heavy metals from water by adsorption using pumice reported
a longer equilibrium time (>2hours), indicating that pumice
has a higher affinity and specificity to phosphate than heavy
metals.

Effect of pH

Phosphate adsorption onto pumice is dominated by a compl-
exation reaction between surface groups and the adsorbing
molecules. Depending on the pH, the pumice surface sites
react as an acid or base and result in a pH-dependent surface
charge causing electrostatic interactions with the surrounding
aqueous phase.?’ Phosphate adsorption onto pumice showed a
maximum removal (93.2% * 1.7%-95.4% = 1.1%) within pH
3 to 7 and decreased sharply beyond this pH range (Figure 2).
A similar result was observed for phosphate adsorption
onto Fe-coordinated amino-functionalized three-dimensional
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Table 1. List of error functions with mathematical expressions.46:52.54

ERROR FUNCTIONS ABBREVIATIONS EQUATIONS
Sum of square error SSE Z(q _q )2
e,cal e,exp
Hybrid fractional error function HYBRID n 2
100 Z qe,exp - qe,cal
n- p e Qe,exp
Sum of absolute errors EABS
z qe,cal - qe,exp
Average relative error ARE N 2
100 Z qe,exp - qe,cal
n-p = qe,exp
Marquardt’s percent standard MPSD . 2
deviation 100 1 Z Geexp ~ Ge,cal
n-p 1 qe,exp
Coefficient of determination R2 ( )2
qe,mexp - qe,cal
2 2
Z(qe,mexp - qe,cal) + (qe,mexp - qe,cal)
Spearman’s correlation coefficient Is n
2
GZ(qe,exp - qe,cal)
P
n(n- 1)2
Standard deviation of relative errors SRE 5 >
2
Z[(qe,exp - qe,cal) - ARE:|
i
n-1
Nonlinear chi-square test ¥ n ( )2
Z qe,cal - qe,exp
) Qe,exp

Remark: g, ox, (MY/Q) is equilibrium adsorption capacity of experimental data, g ., (Mg/g) is equilibrium adsorption capacity calculated from the model, g mex, (MQ/9) is
mean of g, ., (Mg/g), n is the number of data points, and p is the number of parameters for the model.

100 - (3D) mesoporous silicate hybrid materials?? and ZnCl, acti-
vated coir pith carbon?® which is related to phosphate proton

90 1 dissociation equilibria.’® At pH values less than the point of
zero charges (pHype) of the adsorbent, the net surface charge

80 1 is positive and eases the adsorption of anions. The pHypc of
pumice was found to be 9.3. At pH values between 3 and 6,

g 07 phosphate occurs mainly in the monovalent form of H,PO,,
< whereas at higher pH values, the divalent anion HPOi’ domi-
%0 1 nates (pK,;=2.23, pK,,=7.21, pK 5=12.32).°7 So, it is evident

50 that in the pH range of natural waters, phosphate remains in

the anionic state, which is highly favorable for adsorption,

0 . . . . . . because the adsorbent surface remains positively charged owing

0 20 40 60 80 100 120 to its higher pH,pc. The surface charge of pumice becomes
Contact time (min) more negative with increasing pH, resulting in a more neutral

Figure 1. Effect of contact time on phosphate adsorption onto pumice. and then negatively charged group on the surface.’® The higher

pH not only causes the adsorbent surface to carry more
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Figure 2. Effect of pH on phosphate adsorption onto pumice.
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Figure 3. Effect of agitation speed on phosphate adsorption onto
pumice.

negative charges but also leads to a high concentration of
hydroxide groups. Therefore, there may also be high competi-
tion between negatively charged phosphate species and hydrox-
ide groups for positively charged adsorbent surface sites at
higher pH values that decrease phosphate adsorptive removal.

Effect of mixing speed

The effect of mixing speed was studied by agitating aqueous
solutions of 3 mg/L phosphate and 10g/L pumice using a
horizontal shaker with agitation speed ranging from 100 to
2501/min for 60minutes contact time and at a pH of 7.
Phosphate adsorption onto pumice increased with increasing
agitation speed, reaching a maximum of 94.6% =+ 1.1% removal
at 2001/min, and a further increase in agitation speed to 2501/
min, the phosphate removal decreased to 66.3% * 2.5%
(Figure 3). The increase in the percentage of phosphate
removal is due to the dispersal of the adsorbent particles in the
aqueous solution, which leads to reduced boundary mass
transfer resistance that increases the percent removal of
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Figure 4. Effect of particle size on phosphate adsorption onto pumice.

phosphate.? However, a further increase in mixing speed
could promote desorption because the adsorbent pore size
might expand as well as repulsive force to phosphate at the
interface (more like charges approach the interface and repel)
get higher and increase the release of adsorbed phosphate
from pumice.

Effect of particle size of the adsorbent on phosphate

removal

We investigated the effect of particle size of the pumice on
phosphate adsorption at an initial phosphate concentration of
3mg/L, the dose of adsorbent=10g of pumice/L, agitation
speed =2001/min, contact time=60minutes, and pH=7. The
particle size class of 0.075 to 0.425mm was found to be the
most effective, yielding a maximum phosphate removal effi-
ciency of 94.6% = 1.1%. The results presented in Figure 4
revealed that the coefficient of distribution, K, increased with
a decrease in particle size of pumice from 4.75 to 0.075 mm.
However, pumice with particle sizes smaller than 0.075mm
did not show enhanced removal, which might be related to los-
ing its porosity, and thus of diffusion-controlled sorption of
phosphate.?8

Effect of pumice dose on adsorption

The optimum dose of pumice as an adsorbent was studied in a
dose ranging from 2 to 50 g/L keeping other variables constant
(initial phosphate concentration=3 mg/L, pH =7, pumice par-
ticle size=0.075-0.425mm, ¢=60minutes, and agitation
speed =2001/min). With an increase in adsorbent dose from 2
to 10g/L, the removal efficiency of phosphate at equilibrium
increased sharply from 72.6% * 1.3% to 94.6% * 0.9 % (Figure
5). When the pumice dose increased further from 10 to 50 g/L
with an interval of 5, or 10, and later 20, the increase in the
percentage of phosphate removal was negligible (3.5%).
Therefore, 10g/L was the chosen optimum dose for further
adsorption experiments.

The distribution coefficient, K, reflects the scavenging and
adsorbing ability of the adsorbent for contaminants, which
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Figure 5. Effect of pumice dose on phosphate adsorptive removal.
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Figure 6. The effect of initial concentration of phosphate on its
adsorptive removal by pumice.

estimates the extent of contaminant retardation from adsorbent
to water and is known to be dependent on the pH of the surface
of the adsorbent.”® The K, values for phosphate adsorption
onto pumice, which determined at pH 7, increased with an
increase in adsorbent dose, indicating the heterogeneity of the
surface of pumice.®* The pumice doses incremental intervals
were 5, 10, and 20g/L from lower to higher doses. The sharp
increase in K, when the doses increased from 30 to 50g/L
might be due to the presence of many adsorption sites that scav-
enge and take out phosphate more irreversibly that increases K,
value sharply.

Effect of initial phosphate concentration

The effect of the initial phosphate concentration ranging
from 0.5 to 20mg/L on adsorption efficiency and equilib-
rium uptake was assessed at pH 7 using 10g/L of pumice.
The uptake of phosphate onto pumice increased with increas-
ing its initial concentration (Figure 6). With an increase in
the initial concentration of phosphate from 0.5 to 20 mg/L,
the absolute amount of phosphate ions per unit mass of
adsorbent increased from 0.0486 to 1.1143 mg of phosphate
per gram of pumice. This finding is similar to the results of
various researchers that suggest the more concentrated
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solution had more adsorption capacity per unit mass of the
adsorbent because the adsorbate is available in a sufficient
amount to get adsorbed.?%?

However, the percentage of phosphate removal decreased
with an increasing initial concentration of phosphate. When
the phosphate concentration increased from 0.5 to 20mg/L,
the removal of phosphate decreased from 98.7% % 1.6% to
57.4% %+ 0.1%. This finding is in agreement with the principle
of adsorption that sites with a greater affinity toward adsorbate
occupied first, followed by other sites with less affinity until the
adsorbent reaches its saturation point.?!

Effects of coexisting ions

Phosphate in wastewater always coexists with other ions such
as nitrate, sulfate, chloride, carbonate, and bicarbonate that
could compete for the available active adsorption sites on pum-
ice and thereby reduce phosphate adsorption. Therefore, we
studied the effect of each competitive ion on the uptake of
phosphate by using 10, 100, and 300 mg/L of HCO3-, CO;3™,
Cl;,NO3-, SO, and the mixture by adding 10g/L pumice in
100mL of an aqueous solution which had an initial phosphate
concentration of 3 mg/L. Phosphate removal decreased with an
increase in the concentration of the ions from 10 to 300 mg/L.
Among these competing anions, bicarbonate and sulfate
revealed a higher interfering effect on the adsorption of phos-
phate onto pumice. The order of interference for phosphate
removal onto pumice was the mixture >SOi_ >HCO?* >
NO; > Cl-> COg_ (Figure 7). A similar trend was reported
for Fe-coordinated amino-functionalized 3D mesoporous sili-
cate hybrid materials?? and rice husk—derived biochar func-
tionalized with Mg/Al-calcined layered double hydroxides®!
based adsorption study for phosphate removal. The decrease in
the adsorption capacity could be because of ion exchange
mechanisms where SO,2- and HCO3- possess the highest
affinity for the adsorbent material and compete most effec-
tively against phosphate adsorption.

The interference with phosphate removal is minimal in the
presence of monovalent and divalent anions, which could be
attributable to its superior partial negative charges associated
with oxygen atoms when compared with other coexisting
anions.

Adsorption kinetics

The kinetics of phosphate adsorption onto pumice was studied
using 10g/L adsorbent dose, 3 mg/L phosphate concentration,
and agitated for 60 minutes at the pH of 7. The linear plots of
the pseudo-first-order, pseudo-second-order, and intraparticle
diffusion sorption kinetics constant values of K; K, K, ¢,
(calculated), and g, ., (experimental) are shown in Table 2. The
plots of #/¢, versus ¢ followed a straight line (Figure 8) with the
coefficients of determination, R%>0.99. Besides, the values of

the modeled equilibrium capacities, ¢, .. (0.2402, 0.2910),
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Figure 7. Effect of coexisting anions on the adsorption of phosphate onto pumice.

Table 2. The kinetics parameters for adsorption of phosphate onto pumice.

PSEUDO-FIRST ORDER

PSEUDO-SECOND ORDER INTRAPARTICLE DIFFUSION

PARAMETERS PARAMETERS
Geexp (MY/Q) 0.2779 Geexp (MY/Q)
qe,calc (mg/g) 02402 qe,calc (mg/g)
K;[9/(mg.min)] 0.1232 K, [9/(mg.min)]
R2 0.8962 V, [mg/(g.min)]
RZ
A s VPum
Linear Fit »
400
g .
§ 20 g
g -
g' .
o -
04
0 60 120

Contact Time (min)

PARAMETERS
0.2779 K, [mg/(g.min®5)] 0.0211
0.2910 C (mg/g) 0.1045
1.0464 R2 0.6708
0.0886
0.9996
0.4+
= = VPum
EJ —— Linear Fit
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Figure 8. Plot of pseudo-second-order model (A) and intraparticle diffusion model (B) for phosphate adsorption onto pumice.

were comparable with the experimental equilibrium capacities,
Feexp (0.2779) (Table 2). Thus, the kinetics of phosphate
adsorption on pumice was well described by the pseudo-sec-
ond-order equation that indicates the rate-limiting step could
be surface chemical adsorption involving valence forces through
the sharing or exchange of electrons between adsorbent and
adsorbate.®? Similar results were reported for phosphate
removal from wastewater using palm fibers (Phoenix dactylifera

L.)%3 and ferric oxyhydroxide sulfate.?
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In addition to the surface adsorption, phosphate may also be
diffused into the interior part of the adsorbent depending on
the size and pore structure of the adsorbent.®® Therefore, the
intraparticle diffusion model proposed by Weber and Morris
(Equation (6))*° was used to determine whether the particles’
diffusion is the rate-limiting step for phosphate adsorption
onto pumice. The intraparticle diffusion rate constant (X))
estimated from the slope of the plot of ¢, versus the square root
of time (#°°) was found to be 0.0211 mg/(g.min%°) (Table 4). If
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Table 3. Error functions of isotherm models.

ISOTHERM MODELS

ERROR FUNCTIONS

HYBRID
Langmuir 0.043 46.338 33.10
Freundlich 0.003 20.793 14.85
Redlich-Peterson 0.002 6.627 4.73

0.465

0.148

0.090

54.508 0.971 0.999 0.461 0.168
27.969 0.997 1.000 0.270 0.028
8.521 0.998 1.000 0.083 0.006

Abbreviations: ARE, average relative error; EABS, sum of the absolute errors; HYBRID, hybrid fractional error function; MPSD, Marquardt’s percent standard deviation;

SSE, sum of the square of errors.
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Figure 9. Isotherms of adsorption of phosphate onto pumice.

intraparticle diffusion is a rate-limiting step, the plot should be
linear and pass through the origin. In this study, the plot of g,
versus £0° does not pass through the origin (Figure 8), indicat-
ing that phosphate adsorption onto pumice is a complex pro-
cess with some degree of boundary layer control, and the
intraparticle diffusion was not the sole rate-controlling step.®*

Isotherm models

The best-fit isotherm model for phosphate adsorption onto
pumice was selected by evaluating six different error functions.
The isotherms of phosphate adsorption at the equilibrium are
graphically presented in Figure 9, whereas the values of the
equilibrium constants of the models computed using error esti-
mation methods are given in Table 3. The best model is the one
which had the highest R?, and 7, as well as the lowest SSE,
HYBRID, EABS, ARED, MSPED, RESID, and 2 values.
The examination of all these error estimation methods showed
that the Redlich-Peterson model best fits the experimental
equilibrium data.

Among the linear analysis, the regression coefficient (R?)
was the highest, which makes it more suitable as an error esti-
mation tool to determine the best-fit isotherm model. In the
nonlinear analysis, ARED, MSPED, HYBRID, RESID, and
SSE were the most appropriate ones, similar to a previous
study.>* These error estimation statistical tools revealed that the
Redlich-Peterson model is the best-fitting model. The Redlich-

Peterson isotherm model combines the features of the

Langmuir and Freundlich isotherm models. Therefore, both
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monolayer surface reaction and multilayer heterogeneous sur-
face reaction play a significant role in the adsorption of phos-
phate onto pumice. However, the multilayer heterogeneous
surface role seems dominant because it is the second best-fit
model next to the Redlich-Peterson isotherm model.5!

Moreover, the Freundlich constant 1/n can also be a measure
of adsorption intensity/surface heterogeneity as well as a meas-
ure of deviation from the linearity of adsorption. If 1/n=1 and
the adsorption plot is linear, the adsorption sites are homogene-
ous in energy, and no interaction occurs between the adsorbed
species.* The calculated 1/n value for pumice adsorbent was less
than unity (0.38) (Table 4) that indicated phosphate removal
onto the pumice is favorable and spontaneous, and chemical
adsorption is dominant.®* The larger Langmuir monolayer
capacity (Q,) shows strong interactions between phosphate and
pumice (Figure 9). Besides, the R, values for the experimental
data fell between 0 and 1 (Table 4), indicating the favorable
adsorption of phosphate onto pumice.*

Removal of phosphate from wastewater

As phosphate removal capacity of pumice from synthetic aque-
ous solution was found to be promising, the adsorption of
phosphate onto pumice was further tested for effluents from
municipal waste stabilization pond at optimized conditions of
adsorbent dose, particle size, contact time, and mixing rate. The
phosphate removal efficiency was found to be 95% = 0.2%,
which is greater than the Ethiopian discharge standard for the
industrial and municipal wastewater treatment plants.®
Besides, pumice polished further the concentrations of COD,
BOD, nitrate, chloride, and sulfate (Table 5). However, these
contaminants could reduce phosphate removal efficiency if the
concentrations are higher, which demand adequate pretreat-
ment systems such as grease/oil removal chambers and prop-
erly operated septic tank system followed by conventional
biological treatment.

Adsorbent regeneration experiment

An adsorbent is economically viable for pollutant removal from
aqueous environments if it can be regenerated and reused.*® The
effect of pH on the efficiency of phosphate adsorption onto
pumice was very low at pH above 7, suggesting the possibility of
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Table 4. Freundlich, Langmuir, and Redlich-Peterson isotherm model constants for phosphate adsorption onto pumice.

REDLICH-PETERSON

FREUNDLICH LANGMUIR
PARAMETERS PARAMETERS
Ke (L/9) 0.50 Q, (mg/g)
1/n 0.38 b (L/g)
R2 0.997 R2

R,

Table 5. Physicochemical characteristics of waste stabilization pond
effluent and phosphate removal efficiency of pumice adsorbent.

PARAMETERS UNTREATED  TREATED EFFICIENCY
EFFLUENT EFFLUENT (%)

Temperature (°C)  24.0+0.7 24.4+0.3 -

pH 5.4+041 6.2+0.1 —

EC (uS/cm) 342+57 386+6.0 —

COD (mg/L) 480+8.5 292+ 7.1 39+0.4

BOD (mg/L) 384+9.9 293+7.9 24+041

NO3- (mg/L) 271+2.8 175+ 4.2 36+2.2

CI- (mg/L) 55+1.4 36+2.8 35+6.8

S0% (mg/L) 27+0.2 1.9+0.1 31+71

HCO3- (mg/L) 92+1.4 39+0.7 56 +0.1
6.9+ 0.1 014+0.02 95*0.2

POZ” —P (mg/L)

Abbreviations: BOD, biological oxygen demand; COD, chemical oxygen demand;
EC, electrical conductivity.

desorbing phosphate from the saturated pumice using an alka-
line solution. Thus, batch desorption of phosphate was carried
out under identical experimental conditions of the batch sorp-
tion studies using 100mL of 0.1 and 0.2M NaOH solutions.
The desorption efficiency in percent is defined as the amount of
phosphate desorbed from per gram of spent adsorbent at equi-
librium, that is, the ratio of ¢, of desorption to ¢, of adsorption
of adsorbent multiplied with 100.6%67 The ¢, of desorption was
calculated as

(11)

where M is the weight of spent pumice adsorbent (g), V'is the
volume of the NaOH solvent (L), and C; is the equilibrium
phosphate concentration in the desorption solution (mg/L).
The percentages of phosphate desorbed at pH >12 using
0.1 and 0.2M NaOH solutions for the first cycle desorption
experiment were 83% % 0.8% and 98% = 1.1%, respectively
(Table 6). Two more cycles of adsorption-desorption studies
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PARAMETERS
117 Kr (L/9) 15.81
0.92 ag (1/mgq) 29.52
0.971 Ng 0.64
0.271 R? 0.998

Table 6. Efficiency of desorption of phosphate from pumice using
NaOH solutions.

CYCLE ADSORPTION

DESORPTION (%)

0.1M NAOH 0.2M NAOH

2 90+0.5 78+0.9 95+0.8
3 77+0.3 71+1.0 93+0.6
4 75+0.7 — —

were conducted to evaluate the adsorption capacity of the
regenerated adsorbent for repeated reuse. In the third cycle, the
adsorbent phosphate removal efficiency was 77% % 0.3%, while
that of the fourth cycle was 75% = 0.7%, which is still high.
Therefore, pumice has reusability potential for phosphate
removal from wastewater.

Conclusions

This study gives valuable information about the adsorption pro-
cess of phosphate removal from wastewater by using pumice.
Phosphate adsorption onto pumice reached equilibrium after
about 60 minutes. The highest phosphate removal has occurred at
pH 7, which is suitable for practical applications. The phosphate
adsorption removal by pumice reduced in the presence of com-
peting anions in the order of mixture >SO > >HCO3->NO;"
> Cl->CO? . The experimental data fitted well to the Redlich-
Peterson isotherm model and pseudo-second-order kinetic
model suggesting the dominance of the chemisorption mecha-
nism for phosphate adsorption onto pumice. Pumice removed
95% *0.2% of phosphate from the effluent of the municipal
waste stabilization pond that had 6.9 mg/L of phosphate. Besides,
saturated pumice effectively regenerated using 0.2M NaOH
solutions that confirm the reusability potential of pumice.
Therefore, pumice is an abundant and widely available adsorbent
that could be considered as a technically workable and economi-
cally viable adsorbent to remove phosphate from effluents of the
secondary wastewater treatment plants to control eutrophication
of surface waters. However, further column adsorption experi-
ments for a continuous flow system will be needed to optimize
process variables and scale up for field applications.
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