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ABSTRACT

This study investigated removal mechanisms, thermodynamics, and interferences of phosphorus adsorption onto nanoscale zero-valent iron

(nZVI)/activated carbon composite. Activated carbon was successfully used as support for nZVI particles to overcome shortcomings of using

nZVI include its tendency to aggregate and separation difficulties. A comprehensive characterization was done for the composite particles,

which revealed a high specific surface area of 72.66 m2/g and an average particle size of 37 nm. Several adsorption isotherms and kinetic

models have been applied to understand the removal mechanisms. Adsorption isotherm is best fitted by Freundlich and Langmuir

models, which indicates that the estimated maximum phosphorus adsorption capacity is 53.76 mg/g at pH 4. Adsorption kinetics showed

that the chemisorption process behaved according to a pseudo-second-order model. An adsorption mechanism study conducted using

the intra-particle diffusion and Boyd kinetic models indicated that the adsorption rate is limited by surface diffusion. A thermodynamic

study showed that phosphorus removal efficiency increased as the solution temperature increased from 15 to 37 °C. Finally, the results

of an interference study showed that the presence of Ni2þ, Cu2þ, Ca2þ, Naþ cations, nitrate ions (NO�
3 ), and sodium acetate improves removal

efficiency, while the presence of sulfate ions (SO2�
4 ) and urea reduces removal efficiency.
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HIGHLIGHTS

• Successful synthesis of nZVI/AC composite with a specific surface area of 72.66 m2/g.

• Characterization of the composite using SEM, EDX, XRD, BET SSA, FTIR, and TAG.

• Langmuir adsorption isotherm model is best fitted phosphorus adsorption on nZVI/AC.

• nZVI/AC composite had a superior phosphorus adsorption capacity was 53.76 mg/g.

• Phosphorus adsorption rate was controlled by surface diffusion.
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1. INTRODUCTION

Phosphorus is a substantial macronutrient for the growth of all forms of life in aquatic environments. However, it is also con-
sidered to be a limiting element of the eutrophication process in water bodies (Maamoun et al. 2021). The eutrophication
process occurs when a water body becomes progressively enriched with minerals and nutrients such that it encourages

the excessive growth of plants and algae (Tu & You 2014). Eutrophication results in lower levels of light transmission and
the depletion of dissolved oxygen in water, which leads to the death of fish and negatively affects other forms of aquatic
life by decreasing biodiversity (He et al. 2018).

The phosphorus concentration of the effluent wastewater from WWTPs, desalination plants, and textile industries needs to
be treated before discharging it into water bodies (Panagopoulos 2021). Phosphorus removal from wastewater is usually car-
ried out by biological treatment or chemical precipitation (Trinh et al. 2020). The advantages of biological treatment are that

there is no need to use chemicals and produce less sludge (Elawwad & Hazem 2017). However, this process tends to be sen-
sitive to variations in the characteristics of the wastewater, such as the existence of toxic pollutants and temperature; this
makes its application inconvenient, especially in the case of industrial wastewater, and often fails to achieve the permissible

regulatory limits before it can be discharged into the environment (Elawwad et al. 2016). In contrast, chemical precipitation
processes are extensively used to remove phosphorus, especially from industrial wastewater, because of its effectiveness and
ease of operation. However, chemical precipitation requires costly metal salts, produces high quantities of sludge, and
increases dissolved solids in the treated water (Wu et al. 2013a). The chemicals used in phosphorus removal are primarily

aluminum and iron salts. Thus, the chemical precipitation of phosphorus with metal cations is an efficient method for the
removal of phosphorus from wastewater, but is inconvenient for wastewater with high phosphorus content because of the
consumption of large amounts of chemicals and the increase of ions in the treated water, which can be considered to be a

form of secondary pollution (Wen et al. 2014). Hence, more innovative techniques are required to address the drawbacks
of the aforementioned approaches to phosphorus removal. Adsorption appears to be one of the most promising technologies
for phosphorus removal as it is simple to operate, has a high removal efficiency, and is cost-effective. Recently, the removal of

phosphorus from aqueous solutions by adsorption has attracted much attention (Li et al. 2019).
Several different low-cost adsorbents such as fly ash, active red mud, steel slag, iron humate, and zirconium were examined

for their ability to remove phosphorus from aqueous solutions (Trinh et al. 2020). However, the primary disadvantage for

these adsorbents has been their low phosphorus adsorption capacity, which has restricted their practical applications. Fur-
thermore, specific adsorbents such as natural minerals comprised of organic pollutants and heavy metals could be
released into the water during the treatment process, causing secondary pollution (Wen et al. 2014). The economic concerns
and adsorption capacity are not only the aspects that define the most appropriate sorbent – the ability of sorbent to adapt to

diverse pH values and other constituents present in wastewater must also be considered (Wu et al. 2013a).
In recent years, nZVI particles have been widely studied for the treatment of various contaminants, such as nitroaromatic

compounds, chlorinated organic contaminants, heavy metal ions, phosphate, and nitrates (Li et al. 2021; Tarekegn et al.
2021). Although nZVI has exhibited superior performances in many applications due to its high surface reactivity and
large surface areas, it has several shortcomings; nZVI particles are fine powders that have a strong tendency to aggregate
into larger particles, forming necklace-like structures due to their high surface energy and active magnetic interaction

(Khalil et al. 2017). Moreover, the separation of individual nZVI particles is very difficult. Therefore, the direct application
of nZVI for remediation in water treatment processes may expose both the aquatic ecosystems and human health to definite
risks because of nZVI potential pollution of drinking water by iron (Gosu et al. 2016). These shortcomings can be overcome
by supporting nZVI with solid porous materials, such as silica, resin, clays, zeolite, polymer membranes, and activated carbon

(AC) (Qian et al. 2017). These materials are effective at decreasing the clumping and aggregation of nZVI by dispersing its
particles on the porous surface of the material, consequently improving reactivity and the ease of separation of the nZVI par-
ticles (Qian et al. 2017). The immobilization of nZVI particles by a porous support material can be carried out by fixing nZVI

onto the surface of the support material or by trapping nZVI inside its pores (Stefaniuk et al. 2016).
In previous studies, nZVI particles have shown several removal mechanisms for different contaminants. These removal

mechanics include physical or chemical adsorption, ion exchange, co-precipitation, and rate-controlled diffusion (Maamoun

et al. 2021). Few studies focused on understanding the adsorption mechanisms of phosphorus onto nZVI (Maamoun et al.
2021). Hence, there is a need to realize the main mechanisms that are involved in each removal process for phosphorus
removal. Although nZVI particles were used on a wide scale for heavy metals and organic contaminants removal (Almeelbi
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& Bezbaruah 2014; Wen et al. 2014; Renu et al. 2017), few research papers discuss supported nZVI for phosphorus removal.

Liu et al. (2014) and Soliemanzadeh & Fekri (2017) studied the removal of phosphorus using graphene-supported nZVI and
clay-supported nZVI, respectively. Zhou et al. (2014) investigated the potential biochar-supported zero-valent iron for the
removal of various contaminants, including phosphorus; however, the study did not include kinetics or isotherm studies.

Ma et al. (2020) studied the removal mechanism of phosphorus onto rape straw biochar-supported nZVI; however, it
showed a maximum adsorption capacity of 12.14 mg/g which is low compared to the literature.

Despite the aforementioned studies, limited studies investigated the removal mechanism for phosphorus adsorption onto
nanoscale zero-valent iron/activated carbon, and to our knowledge, no study investigated the thermodynamics and interfer-

ences for this particular case. Thus, the objectives of this study were (1) to study the influence of some factors, namely initial
solution pH, adsorbent dosage, rotation speed of the shaker, initial phosphorus concentration, and temperature, on phosphorus
removal efficiency; (2) to study the adsorption isotherm and kinetics under the achieved best conditions, to recognize the phos-

phorus removal mechanics using nZVI/AC; (3) to conduct thermodynamic analysis in order to evaluate the thermal
characteristics of phosphorus removal using nZVI/AC; and (4) to conduct an interference study to investigate the influence
of the presence of interfering ions and organic compounds on the efficacy of phosphorus removal in order to simulate realistic

conditions for the application of nZVI/AC in wastewater, allowing for the identification of more effective and environmentally
friendly methods of removing phosphorus from wastewaters, especially in solutions with high phosphorus concentrations.

nZVI/AC compositewas successfully synthesized borohydride reductionmethod and characterized using Scanning Electron

Microscopy (SEM), Energy-dispersive X-ray (EDX), Brunauer–Emmett–Teller (BET), Fourier transform infrared spectroscopy
(FTIR), X-ray diffraction (XRD), and Thermo-gravimetric analysis (TGA) were used to characterize the prepared composite to
study its microstructure, specific surface area (SSA), porous surface details, and physical and chemical properties.
2. MATERIALS AND METHODS

2.1. Preparation of nZVI/AC particles

nZVI/AC particles were synthesized following the methods described by previous studies (Gosu et al. 2016; Khalil et al. 2017;
Qian et al. 2017) and the preparation steps are summarized in Figure 1. Initially, 1.0 g of ferric chloride (FeCl3·6H2O, 99.0%,
Loba Chemie, India) and 0.5 g of activated carbon (Charcoal Activated ‘Steam activation’, Advent Chembio., India) with a
ratio 2:1 of nZVI:AC was determined to be the optimal ratio (Khalil et al. 2017) and they were combined in 50 mL of distilled

water. Subsequently, the pH of the solution was adjusted to 4.0, then agitated with a rotary shaker at a speed of 150 rpm and a
temperature of 25 °C for 2 h. Following this, the solution was conveyed to a three-neck flask in addition to 50 mL of ethanol.
The produced mixture was purged by introducing a nitrogen gas stream into the solution for 1 h to remove any dissolved

oxygen; this step was conducted while the solution was being strongly stirring. 100 mL of 0.5 M sodium borohydride
(NaBH4, 98.0%, Research Lab Fine Chem Industries, India) solution was poured into a burette and added to the slurry
under rapid stirring (drop by drop, 1 drop per 2 seconds). After the addition of sodium borohydride, the solution was

mixed for an additional 30 min until no significant production of H2 was observed (Fu et al. 2013). The following equation
describes the reduction of ferric iron to zero-valent iron (Fe0) (Wen et al. 2014):

4 Fe3þ þ 3 BH�
4 þ 9 H2O ! 4 Fe0 # þ 3 H2BO

3� þ 12 Hþ þ 6 H2 " (1)
Figure 1 | Illustration diagram of preparation steps of nZVI/AC particles.
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The next step in the synthesis of nZVI/AC is the washing step, which is considered to be a key process since it prevents the

rapid oxidation of the zero-valent iron nanoparticles. After the reaction was complete, the samples of nZVI/AC were separ-
ated from the solution by using vacuum filtration and two sheets of Whatman’s (Qualitative 2) filter papers. Subsequently, the
solids were rinsed with deionized (DI) water several times, followed by an additional three washes with 25 mL of absolute

ethanol (C2H5OH, 99.5%, El Nasr Pharmaceutical Chemical Company, Egypt) to remove any remaining water. Finally,
the solids were vacuum dried at 60 °C overnight and stored in an N2-purged desiccator to prevent the oxidation of the nano-
scale iron particles.

An SEM (Quanta, Model 250 FEG, USA) was used to understand the surface morphology of the synthesized nZVI/AC. A

sample of the synthesized nZVI/AC was initially gold coated with a sputter coater for 30 s, which increases the conductivity
of the sample; following this, SEM images were taken. The EDX analysis was conducted in conjunction with the SEM analy-
sis to determine the chemical composition of the nZVI/AC sample. The crystallinity and composition of the synthesized

nZVI/AC were investigated using XRD (Empyrean X-ray diffraction, Malvern Panalytical, UK). The samples were put on
stainless steel sample holders and analyzed using Cu Kα radiation (λ¼ 1.54 Å) operated at 45 kV and 30 mA. The scanning
step size was 0.026° between 3° and 90°.

The BET SSA and porosity of the sample were determined using nitrogen gas adsorption at 77 K via a surface character-
ization analyzer (Quantachrome TouchWin v1.2). The samples were dried, placed in tubes, and degassed under a nitrogen gas
stream at 350 °C for 2 h prior to the measurement. FTIR was used to indicate the presence of functional groups and com-

plexes in the nZVI/AC sample before and after treatment, and was carried out at room temperature using an FTIR-4100
type (A) spectrometer (JASCO., USA). The samples were prepared by mixing 1 mg of nZVI/AC particles with 100 mg of Pot-
assium Bromate (KBr) powder. A thermo-gravimetric analyzer TGA-50/50H (Shimadzu, Japan) was used to analyze the
nZVI/AC sample. The initial weight of the sample was 5.311 mg. The temperature was raised from 50 to 800 °C with a heating

rate of 10 °C/min for 75 min. The combustion process was carried out in the presence of nitrogen gas. The weight of the
sample was recorded every second during the analysis.

2.2. Phosphate batch experiments

A stock solution of 100 mg/L phosphorus concentration was prepared by dissolving potassium dihydrogen phosphate
(KH2PO4, 99.5%, Loba Chemie, India) in DI water. The required concentrations were prepared by diluting the stock solution

(Soliemanzadeh & Fekri 2017).
The pH values of the batch solutions were adjusted by adding droplets of prepared 0.1 M HCL or 0.1 M NaOH solutions.

During the batch experiments, five 5 mL samples were drawn at pre-defined time intervals of 5, 15, 30, 60, and 90 min. The
samples were subsequently filtered using Whatman No. 43 filter paper and were analyzed to determine the decrease in the

phosphorus concentration using a DR/4000 U Spectrophotometer, 115 Vac.
An initial batch experiment was carried out under both aerobic and anaerobic conditions to identify the conditions that

were more suitable for phosphorus removal. Aerobic conditions were achieved by leaving the flask open to the air, while

anaerobic conditions were attained by deoxygenating the solution through the injection of nitrogen gas for 30 min before
the start of the experiment as suggested by Eljamal et al. (2016).

Five aerobic batch experiments were carried out to examine the following parameters; pH, adsorbent dose, shaker rotation

speed, initial phosphorus concentration, and temperature in order to identify the ideal operating conditions. The batch exper-
iments were conducted such that once a parameter was tested and its optimal value obtained, this value would be held constant
during the following batches as summarized in Table 1. Batch experiments were carried out in the following order: (1) batches

that varied the pH value of the initial solution were conducted at values of 3, 4, 5, 6, 7, and 9; (2) nZVI/AC dose batches were
conducted at values of 0.25, 0.5, 1, 1.5, and 2 g/L, (3) orbital shaker rotation speeds were examined at values of 100, 150, 200,
and 250 rpm, (4) initial phosphorus concentration (C0) in the solution batches were conducted at values of 20, 30, 40, and 50 mg
P/L, and finally (5) ambient air temperature (T ) batches were conducted at values of 15, 26, and 37 °C.

In addition, a batch experiment containing only activated carbon (AC) was conducted to examine the removal performance
of AC without nZVI; this was performed with a dose of 100 mg activated carbon powder in 100 mL phosphorus solution with
a concentration of 50 mg/L PO�3

4 .

The first batch of experiments varied the pH of the initial solution. The pH of the solution was measured by a pH meter
whenever the shaker was stopped. The pH values of each solution were collected throughout the experiment and analyzed to
study the effect of the adsorption process on the solution pH. Studying the changes in pH value during the adsorption process
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Table 1 | Parameters examined in the batch experiments

Batch Selected parameters from previous batch Tested parameter Test values
Optimum
value

1 – pH 3, 4, 5, 6, 7, and 9 4

2 • pH¼ 4 nZVI/AC dose 0.25, 0.5, 1.0, 1.5, and
2.0 g/L

1.0 g/L

3 • pH¼ 4
• nZVI/AC dose¼ 1.0 g/L

Shaker rotation speed 100, 150, 200, and 250 rpm 200 rpm

4 • pH¼ 4
• nZVI/AC dose¼ 1.0 g/L
• Shaker rotation speed¼ 200 rpm

Initial phosphorus concentration
(C0)

20, 30, 40, and 50 mg P/L 50 mg P/L

5 • pH¼ 4
• nZVI/AC dose¼ 1.0 g/L
• Shaker rotation speed¼ 200 rpm
• Initial phosphorus concentration (C0)¼
50 mg/L

Ambient air temperature (T ) 15, 26, and 37 °C 26 °C
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was extremely important, as the final pH value of the solution strongly controls the solubility of the nZVI particles in water. If

the nZVI particles dissolved in the solution, they could escape the filtration process and cause iron pollution in the resultant
solution.

The adsorption kinetics and isotherm experiments were conducted by varying the initial phosphorus concentration. There-

fore, the experiments that varied the initial phosphorus concentration (Batch 4) were conducted with an extended period (up
to 5 h), such that the equilibrium state of the solutions was reached; this was done because the models that describe adsorp-
tion kinetics and isotherms depend on the pollutant reaching an equilibrium concentration in the solution. Samples from

Batch 4 were withdrawn at pre-defined time intervals of 5, 15, 30, 60, 90, 120, 180, 240, and 300 min. The phosphorus adsorp-
tion capacity, qt (mg adsorbate/g adsorbent), and phosphorus removal efficiency are determined by the following equations:

qt ¼ (C0 � Ct) � V
m

(2)

Removal % ¼ (C0 � Ct)
C0

�100% (3)

where C0 and Ct are the phosphorus concentrations (mg/L) at times 0 and t, respectively; V is the volume of the solution (mL);
and m is the mass of nZVI/AC particles (g).

The adsorption of phosphorus on nZVI/AC particles was analyzed using four isotherms models; Freundlich (Equation (4)),

Langmuir (Equation (5)), Temkin (Equation (6)), and Dubinin–Radushkevich (D–R) (Equation (7)). The linear forms of the
models are expressed in the following equations:

log qe ¼ logKF þ 1
n
logCe (4)

Ce

qe
¼ 1

KLqm
þ Ce

qm
(5)

qe ¼ RT
b

lnKT þ RT
b

lnCe (6)

ln qe ¼ ln qd � b�12 (7)
://iwa.silverchair.com/jwrd/article-pdf/12/1/111/1030240/jwrd0120111.pdf
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where qe is the equilibrium adsorption capacity (mg/g); Ce is the equilibrium concentration of phosphorus (mg/L); KF and 1/n
are the Freundlich isotherm constants associated with adsorption capacity and intensity, respectively. qm is the maximum
adsorption capacity (mg/g); KL is the Langmuir isotherm constant related to the adsorption energy (L/mg); b is the
Temkin constant related to the heat of sorption (J/mol); KT was the Temkin isotherm constant (L/g); R is the universal

gas constant (8.314 J/mol K); T is the temperature of the solution in kelvin (K); qd is the D–R constant related to the maximum
coverage (mg/g), b is the constant associated to adsorption energy, and ε is the Polanyi potential which is equal to
RT ln 1þ 1=ceð Þ (Çelebi et al. 2007; Boparai et al. 2011; Wen et al. 2014).

In this study, three models were applied to describe the sorption kinetics of phosphorus on nZVI/AC particles; pseudo-first-

order (Equation (8)), pseudo-second-order (Equation (9)), and the Elovich equation (Equation (10)), as follows:

ln (qe � qt) ¼ ln qe � K1 � t (8)

t
qt

¼ t
qe

þ 1
K2 � q2e

(9)

qt ¼ 1
b
ln (ab)þ 1

b
ln (t) (10)

h ¼ k2q2e (11)

where t is the contact time (h); qe and qt are adsorption capacities (mg/g) at equilibrium and time t, respectively. k1 is the
pseudo-first-order rate constant (h�1) and k2 is the pseudo-second-order rate constant (g/mg h). h (mg/g h) is the initial
adsorption rate constant calculated using Equation (11). α (mg/g h) and β (g/mg) are the initial adsorption rate constant

and the Elovich adsorption constant, respectively, and are related to the extent of surface coverage (Mezenner & Bensmaili
2009; Senthil Kumar et al. 2011; Yoon et al. 2014).

Thermodynamic experiments were conducted by varying the ambient air temperature. Hence, experiments that varied the

ambient air temperature (Batch 5) were conducted over an extended period of up to 7 h. This was done to better understand
the effect of temperature on the efficiency of phosphorus removal by nZVI/AC.

2.3. Batch experiments for interference studies

Interference studies were conducted to simulate real-world conditions and applications, as well as to observe the variation in
nZVI/AC phosphorus removal efficiency under the influence of various interference substances. The interference batches
were carried out under optimal operation conditions as determined from the previous batch experiments. The parameters

were adjusted to an initial pH of 4, an nZVI/AC dose of 1 g/L, a shaker rotation speed of 200 rpm, an initial phosphorus
concentration of 50 mg P/L, and an ambient temperature of 26+ 2 °C. The difference in the removal performance between
batches was compared over a 3-h period, and the samples were extracted at time intervals of 5, 15, 30, 60, 90, 120, and

180 min.
Firstly, a batch of experiments using a solution containing solely phosphorus was examined in parallel with the batches for

the interference study. This batch of experiments was regarded as a control for the interference studies and was used to deter-

mine if the interfering substances had enhancing or inhibitory effects on the efficiency of phosphorus removal.
The interference effects of cations (Ni2þ, Cu2þ, Ca2þ, Naþ), anions (SO2�

4 , NO�
3 ), the hardness of the solution (determined

by the calcium carbonate content of the solution), and the presence of organic matter (urea and sodium acetate) were inves-

tigated. The cation batches were conducted with nickel chloride (NiCl2, 200 mg/L), copper sulfate (CuSO4, 100 mg/L),
calcium chloride (CaCl2, 500 mg/L) and sodium chloride (NaCl, 500 mg/L). The anion batches were examined by using pot-
assium sulfate (K2SO4; 500 mg/L) and potassium nitrate (KNO3; 100 mg/L). The hardness of the batch solution was adjusted
by adding specific amounts of calcium carbonate (CaCO3); a soft and hard solution was prepared using 40 and 180 mg/L

CaCO3, respectively. Finally, the effects of the presence of organic matter in wastewater were examined by adding urea
(CH4N2O) and sodium acetate (C2H3NaO2) with concentrations of 100 and 50 mg/L, respectively. These concentrations
were chosen to simulate the maximum interference conditions that can be present in real-world wastewater (Almeelbi &

Bezbaruah 2014; Khalil et al. 2018).
The phosphate concentrations were colorimetrically determined by using a UV–Vis spectrophotometer (DR 4000, Hach

Co., USA). Phosphorus was measured using the stannous chloride method at a wavelength of 690 nm. All samples were
om http://iwa.silverchair.com/jwrd/article-pdf/12/1/111/1030240/jwrd0120111.pdf
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diluted by a constant dilution factor because the measuring method used had a maximum measurable concentration of

5 mg/L (American Public Health Association et al. 2017). The pH was measured using a pH meter (WTW inoLab pH
720, Xylem Inc., Germany).
3. RESULTS AND DISCUSSION

3.1. nZVI/AC characterization

3.1.1. SEM and EDX analysis

The overall micro-image of the synthesized nZVI/AC is shown in Figure 2(a). It seems that the nZVI particles formed small
aggregates and were heterogeneously dispersed into the pores and cracks of the activated carbon. The occurrence of this
aggregation was attributed to high surface energy and active magnetic interactions between the iron particles (Fu et al.
2013). However, the activated carbon played an important role in reducing the oxidation of the nZVI particles and preventing

them from forming chain-like agglomerations (Liu et al. 2014). The activated carbon looked like a thin film while the iron
particles were the round-shaped particles stabilized on activated carbon films as shown in Figure 2(b). The nZVI particles
average size were roughly lower than 50 nm.
Figure 2 | SEM micro-images of nZVI/AC with resolutions of (a) 100 μm, (b) 5 μm, and (c) EDX spectrum of a randomly selected area in the
nZVI/AC sample.
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The EDX spectrum of a randomly selected area on the solid surface is shown in Figure 2(c), and reveals the presence of

carbon, oxygen, and iron in the nZVI/AC sample with 35.64, 18.66, and 45.7%, respectively. The iron particles exist with
the largest weight in this area, while the presence of small amounts of oxygen suggests that the nZVI particles were partially
oxidized, but still have a large number of active sites (Li et al. 2017).

3.1.2. XRD, BET SSA, FTIR, and TGA

The XRD spectra of the nZVI/AC sample are shown in Figure 3(a). The diffraction peaks (2θ) found between 20–30° and
43–45° were attributed to the amorphous carbonaceous structure of the organic matrix and the zero-valent iron, respectively

(Cao & Harris 2010; Yan et al. 2015). The analyzed nZVI/AC sample revealed the presence of a major peak of zero-valent
iron (Fe0) at 2θ¼ 44.58° which confirms the formation of nanoscale iron particles in our sample. However, the diffraction
peaks between 20 and 30° were weak, suggesting that the organic components mostly reacted with nZVI as stated by

Qian (Qian et al. 2017).
The mesoporous structure of the nZVI/AC sample was studied, and textural properties were estimated from nitrogen

adsorption and desorption isotherms (see Figure 3(b)). The isotherms of nZVI/AC showed a typical type II isotherm hypoth-

esis curve, which indicates the presence of a typical mesoporous structure according to the IUPAC classification (Mulik et al.
2008). The surface area of the nZVI/AC samples was determined using the multipoint BET model. Under optimized synthesis
conditions, the nZVI/AC particles exhibited BET SSA values of 72.6558 m2/g; this was greater than the values reported by
other studies in the literature, where the BET SSA values were 46.27 m2/g for nZVI (Hwang et al. 2011), 36.5 m2/g for nZVI

(Liu et al. 2004), 29.8 m2/g for nZVI/pillared clay (Zhang et al. 2011), and 25 m2/g for nZVI (Yuvakkumar et al. 2011). The
pore size was determined using the Barret–Joyner–Halenda (BJH) and Dollimore–Heal (DH) adsorption and desorption
methods. The average pore size was 2.325 nm, which falls within the mesopore range according to the IUPAC classification.

The average particle diameter was 37 nm, which was consistent with the SEM analysis.
Figure 3 | (a) XRD pattern of the nZVI/AC sample, and (b) Nitrogen adsorption (Ads)–desorption (Des) isotherms of nZVI/AC.

om http://iwa.silverchair.com/jwrd/article-pdf/12/1/111/1030240/jwrd0120111.pdf

4



Figure 4 | (a) FTIR spectra of the nZVI/AC samples before and after phosphorus adsorption, and (b) TGA of the nZVI/AC sample.

Water Reuse Vol 12 No 1, 119

Downloaded from http
by guest
on 18 April 2024
The FTIR spectra of the nZVI/AC before and after phosphorus adsorption are shown in Figure 4(a). The FTIR data before
the adsorption process revealed that the wide transmittance around a peak of 3,434 cm�1 was due to the stretching vibration

of the O–H groups, as well as H-bonding, which was a common characteristic that indicates the adsorption of molecular
water (Gosu et al. 2016). A broad transmittance region between 458 and 1,042 cm�1 was found to be caused by iron
oxides and could be attributed to the stretching vibration of Fe–O, which confirms the presence of nZVI on the activated
carbon surface (Kahani & Jafari 2009; Li et al. 2010). After phosphorus adsorption, the presence of sharp bands at 3,229

and 3,412 cm�1 may be attributed to the presence of molecular water. There was a clear peak at 1,631 cm�1 which was attrib-
uted to the stretching vibrations of carboxylate (C–C) and amide (C–N) complexes (Qian et al. 2017). A new sharp peak also
appeared at 1,038 cm�1. This peak could be attributed to the formation of (P–O–Fe) complexes between the phosphorus and

iron oxides (Lǚ et al. 2013; Yoon et al. 2014).
The TGA curve of the nZVI/AC sample, shown in Figure 4(b), revealed how functional groups broke down on the surface

of the sample. The first stage occurred below 100 °C, where there was a weight loss of about 10%; this was attributed to the
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desorption of water. The second stage occurred in the temperature range between 100 and 420 °C, where the sample experi-

enced a 17% loss in weight; this can be attributed to the decomposition of carboxylate groups on the surface of the sample.
The third stage occurred between 420 °C and approximately 620 °C, where there was a rapid drop in weight until the com-
plete decomposition of iron oxides complexes on the sample. The significant weight loss observed during the TGA analysis

assured the presence of Fe–O functional groups on the nZVI/AC particles surface, while this rapid drop did not occur for AC
particles alone as indicated in previous studies (Saleh et al. 2017; Safwat & Matta 2018).

3.2. Results of the batch experiments

The rate of phosphorus removal appeared to be faster under aerobic conditions compared to anaerobic conditions

(Figure 5(a)). Both experiments achieved the same removal efficiency of approximately 70%. Aerobic conditions exposed
the nanoscale iron surface to air, leading to increased iron corrosion, which in turn assisted the adsorption of phosphorus
because ferric oxides/hydroxides are efficient sorbents for contaminants. During the adsorption process, phosphorus ions

can replace hydroxyl ions (OH�) on the surface of ferric oxides/hydroxides, forming inner-sphere complexes (Yoon et al.
2014; Eljamal et al. 2016).

As shown in Figure 5(b), the efficiency of phosphorus removal decreased as the initial pH value increased from 3 to

9. Samples extracted from the solution after 90 min showed that the phosphorus removal efficiency decreased from 78%
to 44% when the pH value of the solution was raised. The isoelectric point (IEP) of nZVI/AC was found to be pH 7.6
(Zhu et al. 2009; Khalil et al. 2018). The pH value of the solution affects the electric charge of the surface of the nZVI/
Figure 5 | The effects of (a) air presence, and (b) initial pH on phosphorus removal. (c) Variation in the pH of the solution during the
adsorption process. (d) Effect of nZVI/AC dosage on phosphorus removal.
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AC particles. The particles surface charge is positive at pH values below the IEP and negative at pH values above IEP. This

leads to an increase in electrostatic attraction or repulsion with the anionic phosphorus species, and as a result, more and less
readily adsorbs phosphorus, respectively (Zhu et al. 2009). Moreover, the nZVI/AC surface would be more readily protonated
under acidic conditions, which promotes the complexation reaction (coagulation process) between Fe–OHþ and the phos-

phorus species, forming outer-sphere complexes which may be further removed by co-precipitation processes (He et al. 2018).
Most of the active sites on the surface of nZVI/AC carried negative charges when under alkaline conditions, causing elec-

trostatic repulsion with phosphate ions. Moreover, there were more hydroxide ions in the solution which competed with the
phosphorus ions for the adsorption sites (Wen et al. 2014). This explains the significantly decreased phosphorus removal effi-

ciency when solution pH was 9. The adsorption of phosphorus decreased with increasing solution pH; this was consistent
with previous studies of phosphorus adsorption on nZVI (Mezenner & Bensmaili 2009; Almeelbi & Bezbaruah 2014;
Yoon et al. 2014).

As the phosphorus adsorption process progressed, the pH of the solution increased as the nanoscale iron particles on the
surface of the nZVI/AC composite were corroded into ferrous and ferric oxides/hydroxides in the solution (He et al. 2018).
The solubility of iron particles depends on the pH of the solution. Highly acidic and highly alkaline conditions increase the

solubility of iron particles, which result in increased pollution. A pH range between 7 and 8 was ideal to ensure the insolu-
bility of iron particles (Schwertmann 1991). The variation in the pH of the solution was examined during the progress of the
phosphorus adsorption process as shown in Figure 5(c). It was observed that initial solutions that were more acidic tended to

reach a final pH range that prevented the solubility of iron particles. This result indicates that nanoscale iron particles were
efficient for removing phosphorus while not resulting in any unfavorable iron pollution. A pH value of 4 was selected for the
following batches as it achieved an adequate phosphorus removal efficiency. It was chosen in favor of pH 3, which required a
large amount of 0.1 M HCL solution for pH adjustment.

As shown in Figure 5(d), the removal efficiency of phosphorus increased from 43% to 95% as the nZVI/AC dose was
increased from 0.25 to 2.0 g/L. This suggests that using high adsorbent doses increases the availability of active sites for
adsorption (Wu et al. 2013b). The nZVI/AC dosage of 1.0 g/L was used in all the following experiments as it achieved an

acceptable removal efficiency of 79% with a reasonable amount of adsorbent. Increasing the nZVI/AC dosage to 1.5 and
2 g/L achieved higher removal efficiencies of 89 and 95%, respectively, which were not considered to be significantly
higher than the removal efficiency achieved by the 1.0 g/L dose. Increasing the dose of nZVI/AC from 0.5 to 1 g/L increased

the removal efficiency significantly from 57 to 79%, which is consistent with previous studies (Mezenner & Bensmaili 2009;
Wu et al. 2013b).

Figure 6(a) shows that the removal efficiency increased from 77 to 85% when the rotation speed was increased from 100 to
250 rpm. These results indicate that the effect of rotation speed was not as significant as similar results were achieved at all

rotation speeds, even after 60 min. A rotation speed of 200 rpm was selected for the following batches as it achieved a good
removal efficiency of 83% which was very close to the removal efficiency of 85% achieved at 250 rpm. A rotation speed of
200 rpm was also selected in previous works (Wen et al. 2014; Eljamal et al. 2016).

Figure 6(b) shows that an increase in initial phosphorus concentration results in a decrease in phosphorus removal effi-
ciency. As the initial phosphorus concentration increased from 20 to 50 mg P/L, the phosphorus removal efficiency
decreased from 100 to 83% after 5 h. The phosphorus removal rate was observed to be rapid in the first 30 min, following

which there was a decrease in the removal rate until equilibrium was reached. These results suggest that the ratio of the adsor-
bate molecules to the vacant active sites of the adsorbent greatly affects the removal efficiency of the adsorption process
(Soliemanzadeh & Fekri 2017). At the beginning of each experiment, all of the active sites on the nano particles surface

were vacant, which explains the rapid rate of removal in the first 30 min. Over time, the vacant active sites of the adsorbent
became saturated with phosphorus ions, leading to an increase in the aforementioned ratio and decreasing the efficiency of
phosphorus removal. Furthermore, as the adsorption process progresses, any remaining vacant active sites become less avail-
able to phosphorus ions due to repulsive forces between the phosphorus ions adsorbed on the surface of the adsorbent and

the bulk phase; this explains the decrease in the removal rate after the first 30 min (Mezenner & Bensmaili 2009). Hence, the
removal efficiency worsens as the phosphorus initial concentration is increased, assuming the nZVI/AC dosage remains con-
stant (Wu et al. 2013b; Gosu et al. 2016).

Figure 6(c) shows that increasing the temperature from 15 to 37 °C led to an increase in the phosphorus removal efficiency
from 76 to 86% after 3 h, suggesting that the adsorption process was endothermic (Boparai et al. 2011). It was also observed
that the equilibrium was obtained after 3 h at experimental temperatures of 26 and 37 °C. In contrast, the phosphorus removal
://iwa.silverchair.com/jwrd/article-pdf/12/1/111/1030240/jwrd0120111.pdf
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(d) Performance of activated carbon for phosphorus removal.
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rate was slow in the experiment conducted at 15 °C compared to those conducted at higher temperatures. This suggests that

increasing the temperature results in the excitation of phosphorus molecules, increasing their mobility from the bulk solution
to the surface of the nZVI/AC (Gosu et al. 2016).

The comparison between the performance of AC and nZVI/AC was carried out under the same conditions. Figure 6(d)

shows that the performance of activated carbon was poor compared to nZVI/AC. The adsorption capacity of AC was low
relative to the nZVI/AC particles. The removal efficiency of AC reached nearly 19% after 15 min, following which the
removal efficiency dropped to 15% after 2 h. This indicates that the AC was unable to retain the phosphorus ions adsorbed
on its surface, while nZVI could form complexes between iron oxides and phosphorus ion species (Lǚ et al. 2013). Hence,

based on these results, AC cannot be considered to be an appropriate choice for the removal of phosphorus ion species. There
are no records in the literature of AC being used for the removal of phosphorus.

3.3. Adsorption isotherm, kinetics, and adsorption mechanisms

The adsorption of phosphorus on nZVI/AC particles was analyzed using four isotherms models as described in the Materials
and Methods section. After nearly 180 min, the phosphorus uptake did not change further, implying that a contact time of
180 min was enough to reach the adsorption equilibrium. The phosphorus equilibrium uptake values (qe) of nZVI/AC at

different initial concentrations of 20, 30, 40, and 50 mg/L were estimated to be 18.96, 28.32, 33.58, and 39.66 mg/g, respect-
ively (Equation (3)). These values were used to plot the adsorption isotherm and fitted to the kinetic models.

The correlation coefficients (R2) of the Freundlich, Langmuir, Temkin, and D–R equations were 0.95, 0.99, 0.87, and 0.71,

respectively (see Table 2). This indicates that phosphorus adsorption by nZVI/AC was best fitted by the Langmuir equation,
which shows that the phosphorus ions adsorption process by nZVI/AC can be described as the monolayer adsorption of ions
onto energetically homogeneous surfaces with a finite number of adsorption sites (Boparai et al. 2011). The calculated
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Table 2 | Isotherm model parameters and correlation coefficients for phosphorus adsorption on nZVI/AC particles at different initial
concentrations

Isotherm model Parameter Value

Freundlich KF 33.81
n 11.39
R2 0.95

Langmuir qm (mg/g) 53.76
KL (l/mg) 0.46
R2 0.99

Temkin b (J/mol) 892.34
KT (l/gm) 370,869.46
R2 0.87

Dubinin–Radushkevich qd (mg/g) 39.86
β (mol/kJ)2 0.0026
R2 0.71
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isotherm parameters for phosphorus removal by nZVI/AC are summarized in Table 2. The Freundlich isotherm model con-
stants KF and n were determined from the slope and intercept of a plot of log qe against log Ce (Supplementary Material,

Figure S-1(a)). The value of n was determined to be 11.39, which was greater than unity indicating a system that favored
chemical adsorption. Isotherms with high n values (n. 1) indicate the presence of a chemisorption process and are categor-
ized as L-type isotherms, which suggests that there is a high affinity between the adsorbent and adsorbate (Huat et al. 2004).

From the Langmuir model (Supplementary Material, Figure S-1(b)), the maximum phosphorus adsorption capacity (qm) was
estimated to be 53.76 mg P/g. This was much higher than the adsorption capacity reported for previously studied adsorbents:
nZVI/Bentonite gives 27.63 mg P/g (Soliemanzadeh & Fekri 2017), nZVI/Graphene gives 14.71 mg P/g (Liu et al. 2014), iron
hydroxide-eggshell waste gives 14.49 mg P/g (Mezenner & Bensmaili 2009) and magnetic iron oxide nanoparticles gives

5.03 mg P/g (Yoon et al. 2014). The linear plot of the Temkin adsorption isotherm (Supplementary Material, Figure S-1(c)),
which considers the chemisorption of an adsorbate onto the adsorbent (Biswas et al. 2007); the data were found to fit this
model rather well (R2¼ 0.87). This supports our interpretation that phosphorus adsorption onto nZVI/AC is a chemisorption

process. The D–R adsorption isotherm parameters were determined from the slope and intercept of the plotted line (Sup-
plementary Material, Figure S-1(d) and Table 2). The maximum coverage value (qd¼ 39.86 mg/g) was not consistent with
the qm value (53.76 mg/g) previously determined from the Langmuir isotherm. The correlation coefficient for the D–R isotherm

was the lowest compared to the other isotherm models (Table 2). This suggests that the phosphorus adsorption onto nZVI/AC
particles was not a physical process.

The study of adsorption kinetics is critical in evaluating the effectiveness of the adsorption process. Moreover, it is essential
to determine the type of adsorption process in a given system (Mezenner & Bensmaili 2009). In this study, three models were

applied to describe the sorption kinetics of phosphorus on nZVI/AC particles as described in the Materials and Methods sec-
tion. The adsorption kinetics models for phosphorus removal by nZVI/AC are summarized in Table 3 (Supplementary
Material, Figure S-2). The correlation coefficients (R2) indicate that the pseudo-second-order model was the best fit for the

kinetic data. These results suggest that the adsorption of phosphorus onto the nZVI/AC nanoparticles occurred via a
Table 3 | Kinetic models parameters and correlation coefficients for phosphorus adsorption on nZVI/AC particles at different initial
concentrations

Initial
Conc.
(mg/L)

qe,exp.

(mg/g)

Pseudo-first-
order

Pseudo-
second-order

Elovich
equation

Initial
Conc.

qe,exp.

(mg/g)
Pseudo-first-
order

Pseudo-
second-order

Elovich
equation

Initial
Conc.

K1 (1/h) qe,cal. (mg/g) R2 (mg/L) K1 (1/h) qe,cal. (mg/g) R2 (mg/L)

50 39.66 1.1139 11.03 0.9591 0.214 40.49 350.77 1 30,182.5 0.2559

40 33.58 1.0617 11.94 0.9934 0.227 34.48 269.92 0.9999 1,1296.81 0.2784

30 28.32 0.8759 10.04 0.9872 0.238 28.99 199.96 0.9997 9,240.31 0.3332

20 18.96 1.3632 4.71 0.9581 0.502 19.72 195.28 0.9995 9,218.84 0.4731
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chemisorption process (Ho 2006; Tu & You 2014). The parameters of the pseudo-second-order model (Table 3) indicate that

the phosphorus adsorption capacity (qe) increased as the initial concentration increased; this is consistent with the findings of
previous studies (Mezenner & Bensmaili 2009; Yoon et al. 2014; Soliemanzadeh & Fekri 2017).

The values of k2 shown in Table 3 decreased as the initial phosphorus concentration increased, implying that the required

time to reach equilibrium increased as the initial phosphorus concentration increased. The values of h also increased with
increasing initial phosphorus concentration, implying that adsorption at the initial stage of the adsorption became faster
with increasing initial concentration. The initial adsorption rate constant (α) from the Elovich model led to the same con-
clusion but with different orders of magnitude (Yoon et al. 2014). These results indicate that the chemisorption

mechanism may play a significant role in the adsorption of phosphorus on nZVI/AC particles (Mezenner & Bensmaili
2009). The calculated equilibrium adsorption capacity (qe,cal.) values were closer to the experimental (qe,exp.) values for the
pseudo-second-order model than for the pseudo-first-order model (Table 3), which confirms that the pseudo-second-order

model better describes the phosphorus adsorption on nZVI/AC particles.
The Elovich equation coefficients, β and α, were determined from the slope and intercept of the linear graph plotted

between qt and ln(t), respectively (Supplementary Material, Figure S-2(c)). The values of α and β varied as a function of

the initial phosphorus concentration (Table 3). Therefore, by increasing the initial phosphorus concentration from 20 to
50 mg/L, the value of β (the extent of surface coverage) decreased from 0.473 to 0.256 g/mg due to the surface being less
readily available for phosphorus adsorption. In contrast, an increase in the initial phosphorus concentration from 20 to

50 mg/L leads to an increase in the value of α (initial adsorption rate) from 9,218.84 to 30,182.5 mg/g h (Mezenner &
Bensmaili 2009).

The previously mentioned kinetic models could not distinguish the diffusion mechanism and rate-controlling steps associ-
ated with the adsorption phenomena. Therefore, the Weber–Morris intra-particle diffusion model was applied to determine

whether intra-particle diffusion was the rate-limiting step, as described in Equation (12) (Weber 1963):

qt ¼ Ki � t1=2 þ C (12)

where Ki is the intra-particle diffusion rate constant (mg/g h1/2) and C (mg/g) is a constant which is associated with the thick-
ness of the boundary layer (Mezenner & Bensmaili 2009). The intra-particle diffusion model plots for the adsorption of
phosphorus on nZVI/AC particles (Supplementary Material, Figure S-2(d)). The plots can be divided into three linear sec-

tions, which supposes that the adsorption process carried out in three steps. The initial steeper section is usually attributed
to surface diffusion effects. The second linear section defines the gradual adsorption stage, where pore diffusion is rate-limit-
ing. The third section is associated with the final adsorption equilibrium stage where pore diffusion slows down as the

equilibrium is reached (Boparai et al. 2011; Safwat & Matta 2018). As the plots at each concentration did not pass through
the origin, pore diffusion is not the only rate-limiting step. This analysis revealed that the three processes control the adsorp-
tion rate, but further investigation was required to identify the rate-limiting step (Soliemanzadeh & Fekri 2017).

The intra-particle diffusion rate constant (Ki) and the intercept (C) were calculated from the slope of the second linear sec-
tion (Boparai et al. 2011). The intercept values increased from 14.85 to 31.59 mg/g as the initial concentration was increased
from 20 to 50 mg/L. The larger intercept values indicate that surface diffusion has a greater effect as the rate-limiting step

(Soliemanzadeh & Fekri 2017). It was also observed that the Ki values increased as the initial phosphorus concentration
was increased. This can be attributed to the growing effect of driving force which reduces the diffusion of phosphorus
ions in the outer layer and enhances the diffusion of phosphorus into the internal pores (Mezenner & Bensmaili 2009).

To determine whether the surface diffusion or pore diffusion was the slowest step in the adsorption of phosphorus ions, the

Boyd kinetic model (Equation (13)), was applied which define the actual rate-limiting step involved in the adsorption process
(Safwat & Matta 2018):

Bt ¼ �0:4977 � ln 1� qt
qe

� �
(13)

where Bt is a mathematical function of qt/qe. The Boyd kinetic model plots (Supplementary Material, Figure S-2(e)) were
linear but do not pass through the origin for all studied initial concentrations; this suggests that the rate of the phosphorus
adsorption on nZVI/AC particles is primarily governed by surface diffusion (Senthilkumar et al. 2012).
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3.4. Thermodynamic investigation

A thermodynamic study was used to provide a more detailed description of the adsorption process. Experiments of phos-
phorus adsorption onto nZVI/AC particles were carried out at temperatures ranging from 288 to 310 K with an initial

phosphorus concentration of 50 mg/L, pH 4, and a fixed adsorbent dose of 1 g/L. The data obtained were used to study
the thermodynamics of phosphorusdsorption.

The thermodynamic equilibrium constant or thermodynamic distribution coefficient (Ko) of the adsorption process was
derived by plotting ln (qe/Ce) against Ce and extrapolating Ce to zero (Supplementary Material, Figure S-3(a)), as proposed

by Khan and Singh (Khan & Singh 1987; Adam & Chua 2004). The standard Gibbs free energy change ΔG° (kJ/mol) was
then determined using Equation (14). The standard enthalpy change ΔH° (kJ/mol) and standard entropy change ΔS°
(J/mol K) were calculated from the slope and intercept of the plot of ln(Ko) against 1/T (Supplementary Material,

Figure S-3(b)), respectively, using Equation (15) (Yan et al. 2010; Tu & You 2014).

DGo ¼ �RT lnKo (14)

lnKo ¼ DSo

R
� DHo

RT
(15)

where R is the universal gas constant (8.314 J/mol K) and T is the temperature of the solution (K).
Table 4 shows that Ko increase with temperature implying that the process was endothermic. Negative values of ΔG° reveal

that the process was spontaneous. The values of ΔG° decrease from �21.87 to �24.12 kJ/mol as the temperature increases
from 288 to 310 K, which indicates that the spontaneity of the adsorption process increased as temperatures increased

(Mezenner & Bensmaili 2009; Tu & You 2014). Furthermore, the positive standard enthalpy change (ΔH°) of 7.65 kJ/mol
for this process proves that the adsorption of phosphorus by nZVI/AC particles was endothermic, which is consistent
with the enhanced phosphorus adsorption at high temperatures. The positive standard entropy change (ΔS°) of

102.52 J/mol K reflects the affinity of the phosphorus ions for nZVI particles and the increasing randomness at the solid–
solution interface during the phosphorus adsorption onto nZVI/AC particles (Boparai et al. 2011). These results were con-
sistent with previous studies of phosphorus adsorption on magnetic iron oxide nanoparticles (Yoon et al. 2014), phosphorus
adsorption on iron hydroxide-eggshell waste (Mezenner & Bensmaili 2009), phosphorus adsorption onto nZVI, and phos-
phorus adsorption on green synthesized nano-bimetal ferrites (Tu & You 2014; Maamoun et al. 2021).

3.5. Interference studies

The studied interference effects involved cations, anions, the hardness of the solution, and the presence of organic matter. The

cation batches revealed that the presence of cations enhanced the adsorption capacity of phosphorus and its rate of adsorp-
tion on nZVI/AC particles (Figure 7(a)). The CaCl2 batch reached 100% removal efficiency after only 120 min, while the
removal efficiency of the phosphorus control batch was 81.5% and only reached 83% after 180 min. In addition, the

NiCl2, CuSO4, and NaCl compounds also improved the phosphorus adsorption capacity, and their removal efficiencies
were 95.5, 93.7, and 89.9% after 120 min, respectively.

The cations improved the phosphorus removal efficiency because they stimulated and increased iron corrosion on the sur-

face of nZVI particles. This occurs because the metal cations tend to be reduced to their metals. Consequently, the zero-valent
iron was converted to iron ions (Fe2þ and Fe3þ). These iron ions were oxidized to ferrous and ferric oxides/hydroxides, which
are good absorbents of phosphorus (Eljamal et al. 2016; Khalil et al. 2016). The concentration of the cation and its charge
control the extent to which the cations enhance the phosphorus removal efficiency. As the concentration or the charge of

the cation increases, the aforementioned enhancing effect becomes more pronounced. Hence, CaCl2 (500 mg/L) had a
Table 4 | Thermodynamic parameters for phosphorus adsorption onto nZVI/AC particles

Temperature (K) Ko (kg�1) ΔGo (kJ/mol) ΔHo (kJ/mol) ΔSo (J/mol K)

288 9,247.01 �21.87 7.65 102.52

299 10,472.99 �23.01

310 11,599.94 �24.12
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Figure 7 | The interference effects on the phosphorus removal efficiency of nZVI/AC: (a) cations, (b) anions, (c) hardness, and (d) organic
matters.
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more pronounced enhancing effect than NiCl2 (200 mg/L): despite both cations having the same þ2 charge solely due to the
difference in concentration. The CuSO4 (100 mg/L) had a better adsorption rate than NaCl (500 mg/L), although they exhib-
ited similar adsorption capacities after 180 min. This showed that the higher charge of copper ion (þ2) with a lower

concentration of 100 mg/L resulted in a higher adsorption rate than the lower charge of the sodium ion (þ1) with a
higher concentration of 500 mg/L; this suggests that the charge of the cation plays a more significant role than the concen-
tration of the cation (Khalil et al. 2018).

The anion studies revealed that the presence of nitrate ions (NO�
3 ) enhanced the phosphorus adsorption capacity and

adsorption rate on nZVI/AC particles. In contrast, the presence of sulfate ions (SO2�
4 ) negatively affected phosphorus’ adsorp-

tion capacity on nZVI/AC particles (Figure 7(b)). The KNO3 batch achieved a 96.5% removal efficiency after 120 min, which

was higher than the control batch that only reached an 81.5% removal efficiency, while the K2SO4 batch attained a removal
efficiency of only 67%. The enhancing effect of the nitrate ions could be attributed to nitrate reduction by nZVI, which results
in the oxidation and corrosion of iron and the formation of ferrous and ferric oxides that could have improved the phosphorus

adsorption capacity and the kinetics of the reaction. However, the nitrate reduction by nZVI/AC particles resulted in a rapid
increase in the pH of the solution, creating more negative charges on the surface of the nZVI/AC, which was unfavorable for
the adsorption of phosphorus. Overall, the enhancement effects were higher than that of the inhibitory effects. Consequently,
the presence of nitrate enhanced the phosphorus removal efficiency of nZVI/AC particles (Khalil et al. 2017; He et al. 2018).
In contrast, SO2�

4 competed against the phosphate anions (PO3�
4 ) to occupy the active sites on the surface of the nZVI/AC

particles. This competition reduces the availability of the adsorbent surface for phosphorus adsorption, as can be seen in the
phosphorus control batch; this results in a lower phosphorus removal rate and adsorption capacity as shown in Figure 7(b)

(Khalil et al. 2017).
The batch experiments that investigated the effects of the hardness of the solution revealed that the presence of calcium

carbonate slightly improved the phosphorus removal efficiency (Figure 7(c)). This could be attributed to the presence of
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calcium ions (Ca2þ) that stimulate iron corrosion, leading to the formation of iron oxides/hydroxides, which are good adsor-

bents for phosphorus. However, the enhancing effect of the Ca2þ ions was inhibited by the carbonate anions (CO2�
3 ), which

compete with the phosphate anions (PO3�
4 ) to occupy the active sites on the surface of the nZVI/AC particles. In the overall

reaction, the enhancing effect of the presence of CaCO3 was slightly higher than the inhibitory effect, resulting in a slight

increase in phosphorus removal efficiency (Khalil et al. 2018). When the calcium carbonate concentration increased from
40 to 180 mg/L, the removal efficiency became slightly lower. This can be interpreted by the fact that the competition
between the carbonate and phosphorus ions increased, while the nZVI/AC particle dose, and thus the number of active
sites, remained constant and limited.

Studies on the presence of organic matter revealed that the presence of sodium acetate significantly enhanced the phos-
phorus adsorption capacity for nZVI/AC particles. In contrast, the presence of urea negatively affected the adsorption
capacity (Figure 7(d)). The sodium acetate batch reached a 97.6% removal efficiency after 120 min, while the urea batch

reduced the removal efficiency to 70.3%. The enhancing effect of sodium acetate could be attributed to the presence of
sodium cations (Naþ) that stimulate iron corrosion, resulting in the formation of iron oxides which are good adsorbents
for phosphorus. The negative effects of urea could be explained by urea functional groups competing with phosphate

anions to occupy the active sites on the surface of the nZVI/AC particles. Hence, the phosphorus adsorption capacity and
removal rate were inhibited in the urea batch (Almeelbi & Bezbaruah 2014).
4. CONCLUSION

In this study, nZVI/AC composite proved to be an efficient adsorbent for phosphorus with high removal efficiencies. The
SEM analysis showed that the nZVI particles were well dispersed into the pores and cracks of the AC, while the EDX analysis

showed that the main elements that exist on the solid surface are carbon, oxygen, and iron. XRD analysis confirmed the for-
mation of nZVI particles with less oxidized iron products (Fe2O3). BET SSA was 72.66 m2/g, suggesting a high surface area
available for adsorption. FTIR analysis indicated the formation of (P–O–Fe) complexes after adsorption, proving that the

phosphorus removal mechanism involved adsorption and co-precipitation. Batch experiments revealed that phosphorus
removal rates were better under aerobic conditions due to rapid iron corrosion. Acidic pH values, specifically below IEP
of nZVI/AC particles, greatly enhanced the phosphorus removal efficiency. Higher nZVI/AC dosages improved the adsorp-

tion capacity, while the shaker rotation speed effect did not affect the phosphorus removal efficiency. Higher initial
phosphorus concentrations led to a decrease in the phosphorus removal rate.

Langmuir adsorption isotherm model best fitted the adsorption results. Accordingly, phosphorus adsorption could be well-
described by the monolayer adsorption of ions on energetically homogeneous surfaces. The maximum phosphorus adsorption

capacity (qm) was estimated to be 53.76 mg/g. The adsorption kinetics was best described by the pseudo-second-order kinetic
model confirming a chemisorption process. Boyd kinetic model revealed that the surface diffusion was the slowest stage in
phosphorus adsorption on nZVI/AC particles. Thermodynamic analysis indicated that the adsorption process was endother-

mic, spontaneous and that the spontaneity degree increased with increasing temperature. Interference studies showed that
the presence of metallic salts, nitrate ions and sodium acetate had enhanced phosphorus removal efficiency, while the pres-
ence of sulfate ions and urea have reduced it during wastewater treatment. Therefore, it is highly recommended to utilize

nZVI/AC particles in the presence of metallic salts for enhanced tertiary treatment in WWTPs with low retention time
due to high removal rate. For future work, a typical domestic wastewater should be tested with nZVI/AC particles to under-
stand its influence on the wastewater contaminants specially phosphorus. This study represents important participation and a

perceptible conclusion to the recognition of the underlying interactions within the phosphorus removal process by nZVI/AC
particles.
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