
A Review of Phosphate Adsorption on Mg-containing 
Materials: Kinetics, Equilibrium, and Mechanistic Insights

Journal: Environmental Science: Water Research & Technology

Manuscript ID EW-TRV-07-2020-000679.R1

Article Type: Tutorial Review

 

Environmental Science: Water Research & Technology



Adsorption is a well-documented method of removing phosphate from wastewater in order to 
achieve low concentrations that would not lead to eutrophication. This review discusses the 
fundamentals (kinetics, mechanism, equilibrium, and characterization) of adsorption on Mg-
based adsorbents, which are an emerging class of adsorbents that are low-cost and play a unique 
role in nutrient recycling. 
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Abstract

Significant efforts have been made to remove excess nutrient phosphorus in the form of aqueous 

phosphate ions from various wastewater streams to mitigate adverse environmental consequences 

to the watershed, such as eutrophication. Adsorption has long been a low-cost and highly effective 

method of phosphate removal which chiefly relied on immobilizing this valuable nutrient in low 

solubility solids. Magnesium-based adsorbents are emerging as an economically feasible solution 

to the phosphate removal problem that have the added benefit of facilitating nutrient recycling via 

the production of slow-release fertilizer. The current scientific literature on Mg-based adsorbents 

for phosphate has focused a diverse range of techniques for the resulting material characterization, 

adsorption equilibrium as well as the observed kinetics making the direct comparison between the 

diverse Mg-based adsorbents difficult. This tutorial review aims (a) to provide an overview of the 

state of the art in Mg-based phosphate adsorbents and (b) to propose a generalized data 

interpretation roadmap necessary to bridge the gap between the observed fundamental kinetics and 

mechanistic insights reported in the literature. 
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Introduction

The advent of modern nitrogen (N) and phosphorus (P) fertilizer manufacturing has led to an 

unprecedented increase in food production capacity, which has allowed to sustain a rapid rise in 

population.1,2  This rise in fertilizer demand resulted in a complex N and P extraction, use, and 

end-of-life framework shown in Figure 1 that is associated with significant energy consumption.3,4  

Furthermore, overuse of modern fertilizers has led to increased discharge of nutrients into the 

watershed from agricultural systems.5 The discharge of even small concentrations of P can lead to 

eutrophication, which is known to restrict access to freshwater resources, harm aquatic ecosystems 

by forming dead spots, and cause significant greenhouse gas emissions.5–11 Therefore, excess 

fertilizer application leading to loss of nutrients is unsustainable both economically and 

environmentally.

Phosphorus is mined from phosphate rock and is utilized unsustainably.12,13 With the increasing 

trend of the global population, it is expected that the phosphorus consumption rate will increase. 

While the exact timeframe of reaching a peak in phosphorus demand is under debate, its occurrence 

poses significant challenges to food security and global geopolitics.14 Therefore, capturing 

phosphate from wastewater and recycling is an important challenge to be addressed. While MgCl2 

has been used to produce a slow-release fertilizer struvite (MgNH4PO46H2O) from wastewater, 

the cost of soluble Mg precursors lower financial viability.15 The use of low solubility Mg sources 

is an efficient and financially feasible process that proceeds via adsorption on a heterogeneous 

surface instead of homogeneous crystallization. Magnesium (Mg) is an alkaline-earth metal that is 

present as 2% of the earth’s crust16 and has a high affinity toward phosphate adsorption due to its 

smaller ionic radius (which leads to higher charge density).17 Mg is also a critical macronutrient 

required for plant growth18,19 and photosynthetic CO2 fixation.18,20,21 Since N, P, K fertilization has 
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been considered to be more important in recent years, lack of Mg fertilization has led to acidic 

soils being more Mg deficient.19,22 This Mg deficiency in soil has led to not only plant health 

issues, but also a reduction in Mg present in human diet leading to Mg deficiency in both developed 

and underdeveloped nations.22 Phosphate adsorption using Mg-based sorbents allows for coupling 

the P-cycle with the Mg-deficiency problems and proposing unifying solutions to combat nutrient 

excess or shortage related problems. 

Figure 1. The combined N and P cycles with an emphasis on non-point sources and point sources 

of nutrient loss. 
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Adsorption is a process where an adsorbate binds to a surface either via a physical bond 

(physisorption) or a chemical bond (chemisorption). Adsorbents are widely applicable for 

wastewater treatment, providing a convenient and low-cost method of pollutant removal.23,24 A 

broad variety of material classes have been reported in the literature as potential phosphate 

adsorbents including but not limited to, bulk metal oxides,25–27 supported metal oxides,28–30  metal 

hydroxides,31 and zeolites.32,33 Adsorption kinetics, surface transformation mechanisms and 

reaction equilibria are inextricably interconnected and understanding the relationships that link 

them together is highly important in designing an efficient phosphate sorbent material. Previous 

reports have reviewed the broad material classes for phosphate adsorption34, discussed the 

fundamental interaction mechanisms of phosphate ions with the sorbents and the corresponding 

physicochemical parameters influencing phosphate-sorbent interaction strength,17 and the 

economic aspects of using large-scale phosphate adsorption processes.35 However, an important 

knowledge gap in the literature, as shown in this review, is the lack of insights in the surface 

compositional evolution as well as the adsorbed phosphate ion molecular structure transformation 

on the reactive Mg-containing solid sorbents. Consequentially, plenty of the reports have discussed 

observed (apparent) pseudo-order adsorption kinetics with the focus on the observed rate constants 

and equilibrium phosphate amounts removed from solution for different sorbents but rarely 

provided related mechanistic insights, such as surface structures of the adsorbed phosphate 

products or the transient intermediates.27,36–39 Only recently have studies used in situ spectroscopy 

to understand phosphate adsorption related surface reactions on low solubility Mg-minerals, 

macroscopic particle level reconstruction, reactive intermediates and stable product speciation in 

an attempt to address this knowledge gap.40  Present review focuses on analyzing molecular level 

details during phosphate ion adsorption since molecular level mechanistic understanding can 
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further provide context for the pseudo kinetic model fits found in the literature and, ultimately, 

guide the design of novel materials for wastewater treatment.

In particular, this review aims to provide a clear overview of the current progress using Mg-based 

materials for phosphate adsorption/structural transformation. Specifically, this review will discuss 

the current Mg-based adsorbent material types and methods of their characterization with emphasis 

on the surface properties, various kinetic models used to analyze phosphate ion adsorption 

performance, quantitative equilibrium analysis via isotherms and relevant thermodynamic 

parameters, as well as the adsorption mechanisms and how kinetics is related to the low solubility 

Mg-containing mineral surface transformations.

Magnesium-based adsorbents in wastewater treatment and characterization

Mg-based adsorbents have been reported in a variety of forms and thus, we can classify them as 

supported (the Mg compound is deposited on the surface of support material) and unsupported (the 

Mg compound is in bulk form) adsorbents as shown in Figure 2.

Figure 2. Different types of Mg-based adsorbents.
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Tuning the surface species and the pore textural properties allows for increasing the performance 

of the adsorbent by changing adsorption kinetics.41 Ultimately, the synthesis of a high surface area 

and highly porous adsorbent is desired for better performance.42 Utilizing a high surface area 

support helps achieve high dispersion of Mg sites, while the increased porosity of support can yield 

better transport properties compared to bulk materials with less porosity. Supports such as 

diatomite and bentonite exhibit very low phosphate adsorption when utilized in the raw form, while 

ZrO2 exhibits significant phosphate adsorption.38,39,43,44 A support material with high stability and 

minimal dissolution is desired for phosphate adsorption. While supported materials provide high 

dispersion, in the case of phosphate recovery (e.g. as struvite) it may be less favorable since the 

final product may contain the support material which reduces the purity. In the case of unsupported 

materials, synthetic adsorbents afford higher tunability in terms of shape, surface area, and pore 

structure, but require additional chemicals and processing steps. The use of natural minerals can 

circumvent the need for complicated material synthesis but may include contaminants such as 

heavy metals.45 However, natural minerals can be a more sustainable Mg source for struvite 

recovery due to the abundance and low cost.15

Supported Mg-based adsorbents are typically synthesized via hydrothermal synthesis46 and sol-gel 

synthesis.27 In the case of the hydrothermal synthesis, the authors utilized a combination of 

hydrothermal treatment with redispersion in deionized water and calcination to produce high 

surface area MgO. The re-dispersion resulted in doubling the surface area over the sample that was 

not re-dispersed, which increased the phosphate adsorption capacity from 165.29 mg g-1 to 255.1 

mg g-1.46 A study using spherical MgO nanoparticles for phosphate adsorption demonstrated the 

use of a structure-directing agent sodium poly(4-styrenesulfonate) to achieve spherical 

morphology. Typically supported Mg-based adsorbents were prepared via precipitation of 
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Mg(OH)2 in the case of diatomite30,39,47 and bentonite48,49, and biochar44 which in some cases was 

followed by calcination to produce MgO. In a report by Lin et al, Mg(OH)2/ZrO2 adsorbent was 

prepared via co-precipitation resulting in a significantly high surface area of 195 m2/g. However, 

without the use of a structure-directing agent, controlling morphology in precipitation methods can 

be difficult. These facile methods primarily require materials of low hazard levels in handling and 

deliver reproducible results. 

Material characterization of adsorbents can be done to elucidate information regarding the bulk 

crystal structure, surface characteristics, molecular and electronic structure, and pore structure. 

Figure 3 shows some of the prevalent techniques in characterizing phosphate adsorbents. 

Adsorbent
Properties

Morphology

Pore structure
characterization

Surface charge

Surface
characterization

Crystal structure
characterization

Performance

Scanning electron microscopy (SEM)
Transmission electron microscopy (TEM)

N2physisorption
BET and BJH Fitting

Dynamic light scattering (DLS)

X-ray diffraction (XRD)
Small angle X-ray scattering (SAXS)

X-ray photoelectron spectroscopy (XPS)
Low-energy ion scattering (LEIS)
Time-of-flight seondary ion
mass spectrometry (TOF-SIMS)

Ion chromatograhy (IC)
Inductively coupled plasma -
mass spectrometry (ICP-MS)

Attenuated total reflectance -
Infrared Spectroscopy(ATR-IR)
Raman Spectroscopy

Figure 3. Material characterization techniques related to adsorbents.
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Bulk characterization techniques are important in identifying the material species present in the 

adsorbent and their bulk crystalline or amorphous phase(s). Powder X-ray diffraction (pXRD) is 

one of the most common techniques utilized to identify crystalline phases in a solid powder 

material. Multiple Mg-based adsorbent reports have utilized pXRD to characterize the bulk 

structure of the adsorbent.15,39,40,46,48–51 In the case of naturally derived40 or process-byproduct 

magnesium material52,53 sources, pXRD allows for a good starting point in material 

characterization by crystalline phase identification. pXRD also allows for crystallite size 

quantification by applying the Debye-Scherrer equation to the peak widening.54 One of the 

advantages of pXRD is that it analyzes an average of all grains present in the powder sample and 

thus, it does not provide local information as done by microscopy. However, pXRD does not 

provide any surface-specific information and thus, may not provide insights regarding adsorption 

characteristics of a surface. Further bulk information such as particle size and morphology can be 

studied using electron microscopy techniques, namely, scanning electron microscopy (SEM) and 

transmission electron microscopy (TEM). Energy-dispersive X-ray spectroscopy (EDS) is 

typically coupled with electron microscopy analysis and produces elemental analysis spectra. EDS 

typically detects bulk components over 0.1 wt% and other major components but is not suitable 

for trace element detection (under 0.1 wt%).55,56 X-ray absorption spectroscopy (XAS) and 31P 

nuclear magnetic resonance spectroscopy (NMR) are two techniques that characterize the bulk 

material and can provide important coordination information for P in the adsorbed product.57–59

Pore structure characterization becomes important in identifying the pore texture information, 

which holds implications for the diffusion properties of the adsorbent. Nitrogen physisorption data 

analyzed using the Brunauer-Emmet-Teller theory and  Barett-Joyner-Halenda theory can quantify 

surface area and pore structural information respectively.60,61 Table 1 shows the surface area and 
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pore volume information reported for Mg-based phosphate adsorbents. As a bulk material MgO 

has been reported to have a low surface area and porosity15 but by using a support such as biochar62 

or diatomite39,47 to achieve higher dispersion of MgO sites and porosity, it has been reported that 

it is possible to attain higher reaction rates. Furthermore, in the case of MgO, it has been proven 

that by fabricating mesoporous MgO structures it is possible to increase surface area and pore 

volume.27,39,62 The pore characteristics of the adsorbent dictate the transport of phosphate through 

the material which in turn affects the rate of adsorption. To increase the rate of adsorption, 

increasing the pore volume and surface area is of interest via the use of support material or 

mesoporous particle fabrication as discussed above. However, it is important to note that BET and 

BJH information is gained on dry powder, while the adsorbent may behave differently in the 

aqueous environment due to dissolution and potential pore collapse. Analysis before and after 

application in aqueous environment can provide some insight on whether significant area loss and 

pore blocking due to phosphate has occurred.

Surface characterization of adsorbent materials should be done carefully since the surface 

sensitivity of different techniques can vary significantly.  High sensitivity low-energy ion 

scattering (HS-LEIS) can be utilized to probe the first several monolayers of a material and 

measure elemental composition with capability for static depth profiling.63–65 However, in the case 

of adsorbents used in the aqueous phase, the surface undergoes dissolution and restructuring and 

thus, an understanding of the transformations of the surface region becomes important.  For the 

characterization of this surface region of the complex reconstructed surfaces, X-ray photoelectron 

spectroscopy (XPS) and time-of-flight secondary ion mass spectroscopy (ToF-SIMS) are well-

suited. XPS is a widely used adsorbent characterization to obtain chemical state information in the 

surface region. Notably, these are vacuum techniques that will perform ex situ analysis so the role 
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of hydration on surface structures must be considered carefully. The use of diffuse reflectance 

infrared Fourier transform spectroscopy (DRIFTS) and Raman spectroscopy are two other 

spectroscopies used to report surface information.39,66 However, given the penetration depths of 

the lasers used in both spectroscopies it is important to note that both DRIFTS and Raman 

spectroscopy yield bulk and surface information unless the overlayer is probed carefully.67 Raman 

spectroscopy is a powerful tool to study adsorption processes in situ, given the ability to utilize 

liquid phase cells and the lack of interference by water observed in infrared spectroscopy.40,68 

ATR-IR (Attenuated total reflectance) has also been utilized successfully to study the interface of 

aqueous adsorption reactions via the use of flow cells.69–71 The sensitivity of ATR-IR spectroscopy 

toward the protonation of the phosphate group allows for clear discrimination of surface phosphate 

species using the nondegenerate symmetric stretching ν1, and the triply degenerate symmetric 

stretching ν3. The tetrahedral symmetry of PO4(aq)
3- (Td point group) has one active ν3 band, while 

in HPO4(aq)
2- the symmetry reduces from Td to C3v leading to the ν3 band split (to two bands) and 

ν1 band activation. Finally, in the case of H2PO4(aq)
-, the symmetry is reduced to C2v and the ν3 

band is split into three bands and ν1 remains active.71 Elzinga and Sparks have discussed in detail 

the surface species formed on hematite over a wide range of pH conditions using ATR-IR.71 

Similar work on substrates such as brucite and magnesite would be invaluable in understanding 

the surface speciation of phosphate complexes. Kiani et al. have demonstrated using in situ Raman 

spectroscopy that the calcined dolomite surface undergoes a complex surface transformation 

during phosphate adsorption.40 The starting calcined dolomite surface contains -OH groups that 

serve as adsorption sites for dissolved CO2, forming -CO3
2- groups (evidenced by the 1086 cm-1 

band). These -CO3
2- groups are replaced by low-symmetry polymeric H2PO4

- chains.40 Time-
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resolved Raman and ATR-IR spectroscopies are key tools in observing these surface 

transformations, providing insights that can lead to rational design of novel adsorbent materials.

The surface charge characterization is important in determining the strength of Coulombic 

interactions between the phosphate ions and the adsorbent, while the surface composition and 

molecular structures are important in determining the adsorption mechanism. Functional groups 

on the adsorbent surface such as -OH, -HCO3
- and -CO3

2- groups on MgO may influence the 

surface charge by producing charge deficits. Zeta potential is typically used to quantify the surface 

charge of a particle suspended in an aqueous phase and is dependent on the solution pH and ionic 

strength. A previous study on using MgO for phenol ozonation has reported the zeta potential of 

the MgO particle surface as a function of pH.72 In this study Wang et al. show that MgO is 

positively charged beyond pH = 9, which is the region of interest for phosphate adsorption and 

struvite formation.72 In the case of MgO-diatomite,47 the authors note that MgO-Diatomite is 

positively charged in the pH range of 2.0 to 10.0, with the isoelectric point at pH = 11. This shows 

that phosphate adsorption can occur over a wide range of pH values.  

Table 1. Operating conditions for Mg-based phosphate adsorbent studies and characterization.

Adsorbent

Wastewater 

Source and 

initial 

phosphate 

concentration 

(ppm)

Adsorbent 

Loading 

(ppm)

Experimen

tal 

Conditions

Adsorpti

on 

Capacity

(mg 

PO4/g)

BET 

Surface 

area

(m2/g)

Pore 

Volume 

(cm3/g)
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MgO/Diatomite39

120 300 25°C, 

initial pH 

= 7.0

168.07 

(PSO) 34.78 0.195

MgO/Diatomite47

62 500 25°C, 

initial pH 

= 7.0

121.7 

(PSO) 35.76 0.213

Mg(OH)2 and 

Bentonite 

composite/Biocha

r49

60 400 25°C, 

initial pH 

= 7.0

125.36 

(PSO)
68.66 0.32

Mg(OH)2/Bentoni

te73

40 2000 45 ± 0.1 

°C, initial 

pH 6.0 and 

7.0

741.14 

*(EXP)
51.72

Not 

reported

MgO 

microspheres27

10 200 30°C, pH 

= 5.0

13.51(PS

O)
72.10 0.31

Mg(OH)2/ZrO2
43

20 600 25°C, pH 

= 7.0

32.5 

(PSO)
195.9 0.1604

Mg(OH)2/Diatom

ite30

50 500 25°C, pH 

= 5.0

45.7 

(PSO)
72.53 0.26
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MgO-Biochar 

nanocomposite44

20 100 22°C 835 (L)
70.0

Not 

reported

CaO-MgO-C 

composite36

279.74 

(Phosphorous)

1250 Initial pH 

= 5.83

621 (L), 

19.98 

g/mg 

(PSO)

169.33 0.150

MgO/magnetic 

biochar38

50 2500 23°C, pH 

= 4.0

121.25 

(L) 
27.22 0.343

MgFe2O4/biochar

37

100, 200, 300 200 20°C, pH 

= 3.0

163.91, 

219.76, 

290.79 

(PSO)

172.81 0.247

4:1 Mg/Al-LDHs 

biochar74

50 2500 23°C, pH 

= 3.0

81.83 

(L)

20.07 

(PSO)

12.25 0.016

MgO 

nanosheets46

50 400 23°C, pH 

= 5.0

255.1 

(PSO)
30.13 0.17

MgO15

500 300 25°C, 

initial pH 

= 5.4

833 

(PSO) 94
Not 

reported
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MgCO3
50

500 1000 25°C, 

initial pH 

= 5.4

-

-
Not 

reported

Calcined 

CaMg(CO3)2
40

500 500 25°C, 

initial pH 

= 5.4

909 

(PSO) -
Not 

reported

MgO/biochar75
5-200 1000 20°C 579.9 

(L)
56.4

Not 

reported

Amorphous 

MgCa(CO)3

0-2340 5000 25°C, pH 

= 10.0
55.93

Not 

reported 

*Values calculated using the reported adsorption capacity (mg/m2) and surface area (m2/g). L, 

Langmuir. PSO, pseudo-second order.

Adsorption kinetics of aqueous phosphate on the adsorbent surface

Kinetics of adsorption is typically depicted by constructing plots of the adsorbed quantity as a 

function of time. The shape of the plot indicates the nature of the adsorption process and how to 

model the kinetics. In typical phosphate adsorption studies, batch experiments are used to collect 

data with experimental parameters such as pH, temperature, adsorbent loading, initial phosphate 

concentration varied. The phosphate adsorbed at time t per mass of adsorbent m is shown by 

Equation (1). 

                                                                  (1)𝑞𝑡 =
(𝐶0 ― 𝐶𝑡)𝑉

𝑚
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Where the initial concentration of phosphate in the solution phase is denoted by C0 (mg/L) and the 

concentration in the solution phase at time t (min) is denoted by Ct (mg/L). The volume of the 

batch is denoted by V (L). Batch experiments are commonly utilized since intrinsic kinetics can be 

studied. Intrinsic kinetics are the kinetics of adsorption in the absence of mass transfer limitations. 

Higher agitation speeds lead to smaller boundary layers which eliminate film diffusion limitations. 

Using smaller particle sizes for the adsorbent can minimize intraparticle diffusion limitations. 

Reaction-controlled kinetics

Adsorption occurs when an adsorbate molecule diffuses to the surface of the adsorbent and forms 

either a physical attraction or a chemical bond as discussed above and shown in Figure 4.  If a 

process has rapid diffusion to the surface and the bond formation is the slower step, the process is 

referred to as a reaction-controlled process. In this case, the rate of diffusion preceding the reaction 

is considered negligible. Phosphate adsorption kinetics have been analyzed by pseudo-first order, 

pseudo-second order, and Elovich kinetics as shown in Figure 4.
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Figure 4. The diffusion and surface reaction processes occurring on the porous adsorbent particle 

during adsorption.

The pseudo-first order equation shown by Equation (2) was proposed in 1898 by Lagergren76 and 

is still widely applied for characterizing adsorption processes.50

                                                          (2) 
ⅆ𝑞𝑡

ⅆ𝑡 = 𝑘1(𝑞𝑒 ― 𝑞𝑡)
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In this equation qt (mg/g) and qe (mg/g) denote the adsorbed species concentration at time t (min) 

and equilibrium, respectively. k1 (mg/g.min) denotes the pseudo-first order reaction constant. By 

integrating this equation using the boundary conditions time t = 0 and t = t, as well as qt(t=0) = 0 

and qt(t=0) = 0 and qt(t=t) = qt the following form can be used as shown by Equation (3).

                                                 (3)𝑙𝑜𝑔 (𝑞𝑒 ― 𝑞𝑡) = 𝑙𝑜𝑔 (𝑞𝑒) ―
𝑘1

2.303𝑡

Ho and McKay have discussed two important aspects of this equation: (2) the k1(qe-qt) parameter 

does not represent the number of available adsorption sites. (3) the intercept log(qe) term does not 

necessarily equate the log value of the concentration of adsorbed material at equilibrium.77 When 

fitting experimental data to Equation (3) the qe value must be known in advance. However, since 

achieving equilibrium requires lengthy periods in adsorption experiments, this value is typically 

approximated. Therefore, goodness-of-fit parameters may not be high for pseudo-first order fitted 

data. Most Mg-based adsorbents do not fall under the pseudo-first order kinetics but, MgCO3
50 

and MgO-byproduct52 utilization for struvite crystallization have been discussed as pseudo-first 

order processes. However, in the case of MgO-byproduct, the authors do not provide the R2 values 

for their fits and do not discuss attempting pseudo-first vs pseudo-second order to discriminate 

which model fits better. Furthermore, this report shows that 67.67% of the adsorbent was MgO 

which shows pseudo-second order kinetics but does not discuss any reasoning for the observation 

of pseudo-first order. Therefore, only the MgCO3 report is considered to be an example of the 

pseudo-first order equation being used to model phosphate adsorption in this review (the validity 

of this fit will be debated later in the review). 

When using the use of pseudo-order models, researchers must consider the physical significance 

of these models in their systems, rather than only considering the mathematical significance (i.e. 
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considering only R2 values). The pseudo-first order model has been discussed extensively by 

Azizian in his work on activated adsorption/desorption derivation78 as well as Rudzinski and 

Plazinski in their work on statistical rate theory derivation79 to reconcile the physical meaning 

corresponding to adsorption kinetics and the “lumped” mathematical parameters in the equation. 

Rudzinski and Plazinski have discussed that the pseudo-first order model can be derived for both 

intraparticle diffusion-controlled processes and surface reaction controlled processes but, the 

physical meaning of the rate constants varies in the two scenarios.80 Azizian’s report states that the 

pseudo-first order model only holds in scenarios where the change in the bulk solution 

concentration of the adsorbate is negligible.78 Focusing on the one case of the MgCO3, it is clear 

that applying the pseudo-first order equation to the entire 120 minute reaction time is unrealistic 

given the bulk concentration changes by over 85% during this time.50 This condition would 

generally prohibit the use of pseudo-first order models in the case of phosphate adsorption since a 

high-performance adsorbent is generally desired to have high removal in a short period, which 

does not align with the abovementioned assumption of negligible change in bulk concentration. 

The high R2 fit reported50 is possibly a mathematical artifact, devoid of physical significance. 

McKay et al have discussed that the adsorption data should not be fitted beyond the first 20-30 

minutes of reaction and that the errors of qe from pseudo-first order can potentially be from some 

initial boundary layer transport resistance.81

The pseudo-second order model has been widely applicable in phosphate adsorption data for Mg-

based adsorbents.15,27,39,40,48,51 Equation (4) as proposed by Blanchard et al82 shows the rate 

equation for the pseudo-second order.

                                                          (4)
ⅆ𝑞𝑡

ⅆ𝑡 = 𝑘2(𝑞𝑒 ― 𝑞𝑡)2
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Here k2 (g/mg.min) denotes the pseudo-second order apparent rate constant. Similar to the 

previous pseudo-first order equation, this can also be solved with appropriate boundary 

conditions to present a linear form that is more suitable for fitting data as shown by Equation (5)

                                                             (5)
𝑡
𝑞𝑡

=
1
𝑞𝑒

𝑡 +
1

𝑘2𝑞2
𝑒

Many authors have reviewed the use of the pseudo-second order equation extensively in the 

context of pharmaceutical, polymer, and heavy metal removal from wastewater.77,83–86 However, 

a limited number of reviews have been published on the kinetic analysis of phosphate adsorption.17 

Unlike pseudo-first order kinetics, the pseudo-second order kinetics do not assume the qe value 

but calculate it using the slope of the fit. This, in turn, is used to calculate k2 from the intercept. 

Table 2 shows a summary of relevant kinetic equations discussed in this review and how the data 

is plotted to calculate adsorption parameters. The physical insight typically gained from the 

pseudo-second order fitting is that the adsorption is surface-reaction limited.15,39,40 This has been 

compared to in situ spectroscopic experimental evidence of this surface-reaction in one study 

(discussed later on).40 Materials based on MgO have been shown to consistently follow pseudo-

second order kinetics15,39,43,47 in both bulk and supported form, as well as the materials that contain 

CaO36,40 indicating that the rate-limiting surface reaction step would be similar across all materials. 

It is important to note that Azizian has reported the k2 value to be an apparent rate constant, which 

is a complex function of the initial concentration of adsorbate in solution.78 There is an intimate 

relationship between the reaction mechanism and the kinetics of a process, and understanding this 

is imperative to properly model the kinetics of a system. The adsorption mechanism section below 

contains further discussion on the physical significance of different kinetics models. The kinetic 

parameters reported using these pseudo-order models act more as data-fitting exercises and most 

do not provide insight on process design and scale-up. 
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The Elovich equation87 proposed by Roginsky and Zeldovich has been applied in some cases to 

model the kinetics of phosphate adsorption.47,49 Elovich Equation (Equation (6)) is aimed to 

model adsorption that follows Langmuir kinetics but accounts for the surface heterogeneity

                                                            (6)
ⅆ𝑞𝑡

ⅆ𝑡 = 𝛼ⅇ ―𝛽𝑞𝑡

Here α denotes the initial reaction rate and β denotes an experimental constant. Parravano and 

Boudart have discussed the Elovich equation as a generalized equation that discussed diffusion 

and surface reaction processes in combination and thus, unable to provide information about an 

exact mechanism.88 The linear form of the Elovich equation is as given below by Equation (7)

                                                      (7)𝑞𝑡 =
1
𝛽ln (𝛼𝛽) +

1
𝛽ln (𝑡)

In reports by Jing et al.49 and Li et al.,47 the Elovich equation produced fits that had lower R2 

values than the pseudo-second order. While the Elovich equation is expected to be applied 

toward a variety of systems where activated adsorption is occurring, the low presence of its 

application in the phosphate adsorption literature may be due to its weakness in factoring in 

surface reconstruction.89 Since ln(t) → ∞ as t → ∞, qt is predicted to be an infinite value over a 

long period which is physically unrealistic. Given that most kinetic experiments for phosphate 

adsorption are conducted in batch mode the equilibrium adsorbed concentration (qe) is expected 

to be a finite value. This is a major weakness of the Elovich equation and therefore, is not widely 

used to describe overall kinetics of adsorption. 

To compare the adsorption kinetics for various Mg-based adsorbents, we suggest normalizing by 

the reported surface area values. These surface area normalized values provide a more realistic 

comparison for apparent k2 values since the adsorbent compounds can be bulk, supported, as well 
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as nanostructured materials with varying surface areas, which has a significant impact on 

adsorption. Figure 5 shows the surface area normalized apparent k2 values for select adsorbents 

that have reported BET surface area and optimal loading. Equation (8) was used to calculate the 

phosphate removal (kg/day).

(8)[ 𝑃ℎ𝑜𝑠𝑝ℎ𝑎𝑡𝑒
 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 (

𝑘𝑔
𝑑𝑎𝑦)] = [ 𝑅𝑎𝑡𝑒 

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡

( 𝑘𝑔 𝑃𝑂4

𝑚𝑔 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 ―1 𝑚𝑖𝑛 ―1)] × [𝐴𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 
𝑙𝑜𝑎𝑑𝑖𝑛𝑔 

(𝑚𝑔
𝐿 ) ] × [𝐶𝑜𝑛𝑡𝑎𝑐𝑡 𝑡𝑖𝑚𝑒 

(𝑚𝑖𝑛) ] × [𝑊𝑎𝑠𝑡𝑒𝑤𝑎𝑡𝑒𝑟 
𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 

( 𝐿
𝑑𝑎𝑦) ]           

The calculations were done for adsorbents that for pseudo-second order kinetics for ease of 

comparison. In each case, the optimal loading reported at 298K was used. The contact time of 2 

hours was used along with the 4.4 billion liters of wastewater produced per day which corresponds 

to the value for Beijing published in IWA Wastewater Report 2018.90 The lower bound for 

phosphate recovery per day was calculated using the data for the Mg(OH)2 and bentonite 

composite supported on biochar,49 which has the lowest normalized apparent k2. The upper 

phosphate removal limit was calculated using the performance reported by Li et al. with the 4:1 

Mg-Al layered double hydroxide supported on biochar.74 The supported adsorbents and the bulk 

adsorbents show comparable k2 values. The MgO-CaO-C, MgO/Diatomite, and MgO 

microspheres show similar surface area normalized k2 values which shows that while the more 

efficient transport in the supported materials allows for faster adsorption, the low number of Mg-

sites can be a weakness. The MgO microspheres have improved transport compared to bulk MgO 

and have more Mg-sites which leads to similar performance as the MgO/Diatomite and MgO-

CaO-C. Therefore, tuning loading and the intraparticle transport properties to optimize the 

adsorption rate becomes an important consideration during material design.
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MgO Microspheres*

Bulk MgO*

MgO
Nanosheets*Mg(OH)2-Bentonite

/Biochar

MgFe2O4/Biochar*

MgO-CaO-Carbon

4:1 Mg-Al-LDHs/Biochar

Mg(OH)2/ZrO2

MgO/Diatomite

Mg(OH)2
/Diatomite

Figure 5. Normalized apparent pseudo-second order (PSO) adsorption rate constant k2 normalized 

by reported BET surface area for Mg-based phosphate adsorbents (*denotes Mg content not 

reported. These values were calculated using the synthesis reported in the experimental method). 

The green line denotes maximum phosphate removal per day and the red line denotes the minimum 

phosphate removal per day calculated by Equation (8).

Diffusion-controlled kinetics

The transport of phosphate during the adsorption can be viewed in three separate regimes: 1) 

phosphate diffusion in the bulk solution 2) phosphate diffusion to the surface of the adsorbent from 

the bulk solution through the hydrodynamic boundary layer 3) diffusion within the pores of the 

adsorbent. The diffusion in the bulk solution is typically nearly instantaneous for well-mixed 

systems and thus, cannot realistically be the limiting step for an adsorption process. The rate of 

adsorption when phosphate diffusion from the bulk solution through the boundary layer (film 

diffusion) is the limiting step can be described using the linear form of the film diffusion shown 

by Equation (9) as described by Tien91 
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                                               (9)
𝑑𝑞
𝑑𝑡 = 𝐽𝑓 = 𝑘𝑓(𝐶𝑏𝑢𝑙𝑘 ― 𝐶𝑠𝑢𝑟𝑓𝑎𝑐𝑒)

In Equation (9) the flux of phosphate is denoted by Jf, the diffusion coefficient is kf, the bulk and 

adsorbent surface concentrations are denoted by Cbulk and Csurface. The driving force for the 

diffusion is the concentration difference between the bulk and surface, i.e. over the boundary layer 

(film). In a well-mixed batch reactor, the film diffusion is typically not rate-limiting. Therefore, in 

a case such as struvite crystallization in which a semi-continuous batch reactor is favored over an 

adsorption column the film diffusion step does not become rate-limiting. The final case of transport 

in adsorption is pore diffusion or intraparticle diffusion, assuming that diffusion through the pore 

fluid is the only contribution. For a single species, Fick’s law is applied and the macroscopic 

conservation equation is as shown by Equation (10)

                                                 (10)𝜀𝑝
∂𝐶
∂𝑡 + 𝜌𝑝

∂𝑞
∂𝑡 =

1

𝑟2

∂
∂𝑟(𝐷𝑝𝑟2∂𝐶

∂𝑟)

In Equation (10), C and q refer to the adsorbate concentration in the bulk liquid and adsorbed on 

the surface respectively, ρp denotes the particle density, r denotes particle radius (assuming 

spherical particle), ɛp denotes the adsorbent particle porosity, and Dp denotes the pore diffusivity. 

In the phosphate adsorption literature, the experimentally derived Weber and Morris equation92 

has also been utilized across a describes the process as shown by Equation (11)

                                                             (11)𝑞𝑡 = 𝑘𝑝 𝑡 +𝐶

In the Weber and Morris equation qt denotes adsorbed concentration, kp denotes the intraparticle 

diffusion coefficient, t denotes time, and C is a fitting coefficient of which the magnitude describes 

the involvement of intraparticle diffusion in the rate-limiting step. In a scenario where the data fits 

a line through the origin, intraparticle diffusion is the rate-limiting step. Jing et al. have reported 

Page 24 of 56Environmental Science: Water Research & Technology



24

intraparticle diffusion analysis of Mg(OH)2/bentonite composite supported on biochar showing 

that there is a multi-regime adsorption behavior.49 In the time range from 4-6 minutes, the kp value 

is reported as 17.37 mg g-1 min-0.5 and in the time range of 7-13 minutes, the kp value is reported 

as 4.86 mg g-1 min-0.5. Similar behavior is reported for MgFe2O4 showing multi-regime phosphate 

adsorption transport.37 This shows that the intraparticle diffusion is rapid at the beginning of the 

process, but later on the rate decreases possibly due to pore blocking or active-site depletion. Pore 

textural property characterization is important for fully understanding the transport properties of 

an adsorbent and designing new adsorbents should be done with increased porosity in mind due to 

the advantage of faster pore diffusion. 

Table 2. Relevant kinetic models of adsorption and plots to fit experimental data.

Equation Linear Form Plot Relevant Parameters

Pseudo-first Order
𝑙𝑜𝑔 (𝑞𝑒 ― 𝑞𝑡) =

                                                 𝑙𝑜𝑔 (𝑞𝑒) ―
𝑘1

2.303𝑡
Log(qe-qt) vs t

k1 = slope x 2.303

Pseudo-second 

Order

𝑡
𝑞𝑡

=
1
𝑞𝑒

𝑡 +
1

𝑘2𝑞2
𝑒

t/qt vs t
qe = 1/slope

k2 = (slope)2/intercept

Elovich 𝑞𝑡 =
1
𝛽ln (𝛼𝛽) +

1
𝛽ln (𝑡) qt vs ln(t)

β = 1/slope

α = 

(slope)exp(intercept/slope)

Weber and Morris 𝑞𝑡 = 𝑘𝑝 𝑡 + 𝐶 qt vs t1/2

kp = slope

C = intercept
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Adsorption mechanisms of phosphate on Mg-sorbent surfaces

Figure 6. The use of in situ Raman spectroscopy and ATR-IR spectroscopy to monitor surface 

transformations during phosphate adsorption.

Phosphate adsorption on metal oxide-based adsorbents is known to primarily occur via the inner-

sphere complexation mechanism.17,93,94 A recent review has thoroughly reviewed the different 

mechanisms of phosphate adsorption on a variety of adsorbent materials not limited to metal oxide-

based adsorbents.17 Therefore, this review aims to discuss the relationship between kinetic models 

and the mechanism of adsorption, rather than to restate what the previous review has discussed. 

The adsorbents considered in this review are primarily MgO, Mg(OH)2, or MgCO3 materials. Once 

added to the solution phased containing the phosphate ions, the surface of the adsorbent is expected 

to undergo hydration and dissolve. For the 600 ppm monoammonium phosphate solution used in 

several studies, the initial pH is ~5.4 at which the rate-controlling step of MgO surface dissolution 
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is the diffusion-limited proton transfer from the solution to the surface.95 However, with increasing 

pH the reaction of MgO with water is expected to produce Mg(OH)+ species on the surface as 

reported by Stolzenburg et al.26 Following its formation, the Mg(OH)+ species releases Mg2+ and 

2OH-. The release of Mg2+ ions is expected to form a thin supersaturated boundary layer over the 

surface. This phenomenon has been recorded previously on other mineral interfaces as well, 

leading to nucleation of insoluble crystalline products within the boundary layer or at the 

surface.96–98 Hövelmann and Putnis have discussed the surface transformation via the use of atomic 

force microscopy (AFM) during the nucleation and growth of struvite crystals on the brucite 

surface.98 The authors discuss the importance of the surface dissolution for the low-solubility 

brucite material. The bulk solution concentration of Mg2+ is relatively low and is not sufficient for 

the removal of phosphate since the supersaturation limit is not met. However, at defect sites such 

as steps where undersaturated atoms are present, struvite nucleation is facilitated. This may be due 

to the higher propensity of the undersaturated sites to undergo dissolution and form supersaturated 

Mg2+ solution layers over the particle leading to seed crystal nucleation. Thus, whether the process 

should be considered phosphate adsorption (on the surface) or crystallization (in the boundary 

layer near the surface) is of importance for the clarity of future work.

Understanding the surface dissolution and restructuring steps becomes highly important in 

understanding the validity of kinetic model results. Kinetic equations are mathematical expressions 

and while high R2 values can be obtained from a model, it does not necessarily provide correct 

physical insights into the adsorption process. The opposite must be considered. One must acquire 

the physical insights via in situ characterization and then consider which model to apply to report 

useful and accurate information in the literature. For the case of phosphate adsorption on Mg-based 

adsorbents, two cases should be considered: (i) the case of precipitating phosphate as a magnesium 
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phosphate with no ammonium ions present in solution, and (ii) the precipitation of phosphate as 

struvite in the presence of ammonium. In the case of struvite formation, often the kinetics are 

reported as pseudo-second order for MgO-based adsorbents15,39 and in one case as mentioned 

above, pseudo-first order for MgCO3. 

Vibrational spectroscopy techniques such as IR and Raman spectroscopies can provide important 

mechanistic information about phosphate adsorption on mineral interfaces. The various degrees of 

phosphate protonation is reflected in the IR and Raman spectra since the number of bands is 

influenced by the symmetry of the species of interest. As oxyanions adsorb on the mineral surface 

the symmetry is lowered, leading to peak splitting.99 Careful considerations must be made between 

in situ analysis vs ex situ analysis due to the local environment of the phosphate and Mg-surface 

changing with hydration/drying. A study on the calcined dolomite surface which is MgO-enriched 

revealed that the surface undergoes a hydration step to form -OH groups, which subsequently are 

converted to -CO3 groups.40 This step shows that the MgO surface does not readily adsorb 

phosphate, and that struvite formation requires a restructuring of the MgO surface. This surface 

restructuring and carbonate group formation have been observed using ATR-IR in an earlier study 

reporting phosphate adsorption on the Mg(OH)2 surface.100 While the use of the pseudo-second 

order kinetics may have been justified in the case of the MgO by assuming that the second-order 

is due to the phosphate species and the surface site combining, the use of pseudo-first order does 

not hold any physical significance since a phosphate species still combines with a surface site. 

However, when considering the Ksp values of Mg(OH)2 (4.8 x 10-12)101 and MgCO3 (3.5 x 10-8)102 

it becomes evident that MgCO3 is far more soluble. Equations (12) and (13) summarize the 

processes for surface dissolution (rate constant denotes by ki,dis) and phosphate adsorption to form 

struvite (rate constant denoted by ki,ads) for MgO and MgCO3.
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𝑀𝑔𝑂 + 𝐻2𝑂 
𝑘1,𝑑𝑖𝑠

𝑀𝑔2 + (𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑠𝑖𝑡𝑒) + 𝑃𝑂3 ―
4

𝑘1,𝑎𝑑𝑠
𝑀𝑔 ― 𝑃𝑂4(𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒) +  𝑁𝐻 +

4
                     (12) →𝑆𝑡𝑟𝑢𝑣𝑖𝑡𝑒

𝑀𝑔𝐶𝑂3 + 𝐻2𝑂 
𝑘2,𝑑𝑖𝑠

𝑀𝑔2 + (𝑎𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 𝑠𝑖𝑡𝑒) + 𝑃𝑂3 ―
4

𝑘2,𝑎𝑑𝑠
𝑀𝑔 ― 𝑃𝑂4(𝑖𝑛𝑡𝑒𝑟𝑚𝑒𝑑𝑖𝑎𝑡𝑒) +  𝑁𝐻 +

4
              (13) →𝑆𝑡𝑟𝑢𝑣𝑖𝑡𝑒

The faster surface dissolution of MgCO3 (larger k1,dis value) allows for the faster creation of the 

adsorption site. This leads to faster struvite formation kinetics. In the case of MgO, the k1,dis value 

is smaller, which means that the site creation step is slower. Figure 7 shows the -OH groups being 

replaced by -CO3 groups before phosphate adsorption. This limits the adsorption process resulting 

in slower kinetics. However, as discussed above the pseudo-first order kinetics only apply when 

the bulk concentration change is negligible so applying this model to the MgCO3 system must be 

reconsidered. This also raises the important questions of whether the pseudo-first order fit is a 

purely mathematical phenomenon that holds no physical meaning and why the pseudo-second 

order poorly fits the data. This may show that the expansion of the pseudo-second order model is 

required to accurately model some surfaces by accounting for the adsorption site formation 

kinetics.
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Figure 7. (a) Carbonate group adsorption on the hydrated MgO surface (b) Phosphate adsorption 

on the carbonate-enriched surface (c) Monodentate phosphate adsorbed via inner-sphere 

complexation on MgO surface (d) Bidentate phosphate adsorption

A quantitative equilibrium characterization of phosphate adsorption 

Quantitative equilibrium behavior analysis is typically performed using isotherms for adsorption 

processes. An isotherm considers the equilibrium behavior of the molecule of interest between the 

solid phase and the aqueous phase at a fixed temperature. Typical isotherms used for phosphate 

adsorption analysis are Langmuir27,30,36–38,43,44,73–75, Freundlich27,30,36–38,43,73–75, and Sips37. The 

Langmuir isotherm is one of the most widely used equations in the context of chemisorption over 

a wide range of conditions.103–105 Equation (14) shows the form of the Langmuir equation 

applicable to the analysis of phosphate adsorption

                                                                              (14)𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒

1 + 𝐾𝐿𝐶𝑒

Here qm refers to a maximum adsorption capacity of phosphate, Ce denotes the equilibrium 

phosphate concentration in the aqueous phase, and KL denotes the Langmuir equilibrium 

coefficient. The Langmuir isotherm model is based on several key assumptions: (1) adsorption 

occurs on a surface that is a defect-free plane, comprised of identical sites that bind one molecule 

per site with a monolayer denoting maximum adsorption, (2) adsorption is a reversible process, 

(3) the adsorption energy is identical for each molecule and is independent of molecules already 

adsorbed, molecules adsorbed on the surface do not interact with each other and (4) the molecules 

do not move laterally on the surface once they adsorb. This model, based on a homogeneous 

surface and ideal behavior of molecules can only be used to approximate a phosphate adsorption 

process since most adsorbent surfaces cannot be considered ideal, and once molecules adsorb the 
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phosphates can interact to form chains or crystallize a solid product.40,98,106,107 However, it is 

possible to derive qualitative trends or approximate equilibrium behavior using the Langmuir 

model. Previous work has shown that phosphate adsorption on soil can be modeled using a two-

site Langmuir model.108 This multi-site approach can lead to better fits for data on nanomaterials 

that have more surface area and defect sites since the adsorption sites should have varying 

interaction energies. Equation (15) shows the multi-site Langmuir equation.

                                                                (15)𝑞𝑡 = ∑𝑛

𝑖 = 1

𝑞𝑚𝑎𝑥,𝑖𝐾𝑖𝐶
1 + 𝐾𝑖𝐶

Here the Ki refers to the Langmuir equilibrium constant for a species i. The Freundlich equation is 

shown by Equation (16) is another widely used isotherm model.109  The Freundlich isotherm 

describes the active sites on a heterogeneous surface with exponential energy distribution and thus, 

well-fitted data suggests (but does not confirm) that the adsorbent surface is heterogeneous. 

                                                                             (16)𝑞𝑒 = 𝐾𝐹𝐶
1

𝑛
𝑒

Here the KF denotes a Freundlich equilibrium constant while n denotes a fitting coefficient that is 

indicative of the binding affinity on the adsorbent surface. n = 1 is the special case of Henry’s Law. 

Several Mg-based phosphate adsorbents have used Freundlich isotherms as a model along with 

the abovementioned Langmuir isotherm to determine the best model to describe the data but, in all 

cases, the Langmuir isotherm provided the best fit to the adsorption data.27,30,36–38,43,73–75

The Sips equation as shown by Equation (17) used by Jung et al. is a combination of the Langmuir 

and Freundlich isotherms used to analyzed MgO/biochar75 and MgFe2O4/biochar.37 
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                                                                              (17)𝑞𝑒 =
𝑞𝑚𝐾𝑠𝐶

1
𝑛
𝑒

1 + 𝐾𝑠𝐶
1
𝑛
𝑒

Using isotherms allows for the calculation of maximum adsorption capacities (from both Langmuir 

qmax and Freundlich KF) which can help compare different adsorbent systems. Furthermore, 

knowing the adsorption equilibrium constant K allows for the calculation of important 

thermodynamic parameters such as the isosteric heat of adsorption, enthalpy of adsorption, entropy 

change of adsorption, and free energy change of adsorption. 

The isosteric heat of adsorption ΔHst is defined as the differential heat for adsorption on a fixed 

surface at equilibrium. This quantity has been used mostly in gas adsorption but has also been 

introduced in liquid-phase adsorption.110 ΔHst is calculated using the Clausius-Clapeyron equation 

(18).

                                                          (18)𝛥𝐻𝑠𝑡 = 𝑅
ⅆln 𝐶𝑒

ⅆ(1
𝑇) |

𝑞𝑒

ΔHst can be calculated by finding the Ce values using isotherms and then calculating the slope of 

the lnCe vs 1/T plot as shown in Figure 8(a). ΔHst is an important quantity in understanding the 

heterogeneity of the adsorbent surface. If the ΔHst vs qe curve as shown in Figure 8(b) remains 

constant over the range of qe values used, the heat of adsorption does not depend on surface 

coverage. Therefore, the adsorption is Langmuirian in that all adsorption sites are equal in binding 

affinity. However, if the ΔHst vs qe curve rises over the range of qe values it becomes evident that 

a variety of sites with varying binding affinities exist i.e. the adsorption occurs on a heterogeneous 

surface. This type of adsorption would be associated with a process best described by the 

Freundlich isotherm discussed above. Therefore, examining a profile of the ΔHst over 
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experimentally derives qe values can be beneficial in understanding the adsorption 

thermodynamics.

Figure 8. (a) Example plot of lnCe vs 1/T. (b) Example plot of ΔHst vs qe for heterogeneous and 

homogeneous surfaces.

Further thermodynamic quantities that can be determined to describe the adsorption would be the 

change in enthalpy, change in entropy and the change in free energy. The Van’t Hoff equation 

shown by Equation (19) is used to calculate the enthalpy of adsorption

                                                           (19)𝛥𝐻0 = ―𝑅
𝑑𝑙𝑛 𝐾𝑐

ⅆ(1
𝑇)

Kc denotes the equilibrium constant and ΔHo denotes the change in enthalpy at a constant pressure. 

This K value can be derived from Langmuir and Freundlich adsorption isotherms as discussed 

above. The Van’t Hoff equation can be integrated to yield the form shown by Equation (20) which 

is convenient in calculating both changes in enthalpy and entropy. 
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                                                     (20)𝑙𝑛 𝐾𝑐 = ―
𝛥𝐻0

𝑅𝑇 +
𝛥𝑆0

𝑅

ΔSo denotes the change in entropy. Finally, by combining the ΔHo and ΔSo values in Equation 

(21) we can calculate the change in free energy (ΔGo). 

                                                       (21)𝛥𝐺0 = 𝛥𝐻0 ―𝑇𝛥𝑆0

Jung et al. have utilized the Sips equation to calculate the Kc values, which were used to calculate 

the ΔHo, ΔSo and ΔGo values for phosphate adsorption on MgFe2O4.37 They reported ΔHo as 19.501 

kJ/mol, ΔSo as 0.095 kJ/mol, and ΔGo as -8.334 kJ/mol. Furthermore, they report the ΔHst as a 

function of surface coverage and show that the surface is heterogeneous due to a rising curve. The 

negative free energy change shows that the adsorption is spontaneous, while the positive enthalpy 

change shows that the process is endothermic. Adsorption is endothermic when the adsorbent-

adsorbate bond is weaker than the adsorbent-solution interactions and the adsorbate-solution phase 

interactions. Highly endothermic adsorption processes (ΔHo > 100 kJ/mol) indicate chemisorption 

via covalent bond formation.85 Further heat consumption may occur due to hydrogen bonds 

breaking on the adsorbent surface or other surface restructuring required for adsorption. The free 

energy change indicates the spontaneity of the adsorption process, with spontaneous adsorption 

resulting in negative ΔGo values. Since the calculation of these thermodynamic parameters all 

depends on the equilibrium constant K, careful experimental design and execution are required to 

maximize the accuracy of the results.  

Effects of competing cations on kinetics and product speciation

Common cations present in wastewater have been demonstrated to pose a significant impact on 

the kinetics of phosphate adsorption as well as product speciation due to incorporation in the 

product. The effects of Ca2+, Cu2+, Fe3+, Ni2+, and Zn2+, Na+, K+, Pb2+, and Cr3+ are among the 
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cations that have been studied.50,111–118 Several heavy metals that are present in wastewater pose 

significant health hazards to human and plant health and thus, should not be present in significant 

concentrations in fertilizer material produced using wastewater as the feedstock. Since US EPA 

and the EU have stringent restrictions on these metals incorporated in fertilizers understanding 

their impact on the product speciation of phosphate adsorption processes becomes important for 

nutrient recycling.119,120 Since competing cations can have a severe impact on product performance 

(if used in nutrient recycling) and adsorption kinetics, a thorough investigation of their effects is 

required. 

Ca2+ is a common cation found in many wastewater sources, ranging between 500-1500 ppm in 

landfill leachate and paper industry waste.121 A previous study using MgCO3 has reported the 

incorporation of Ca2+ into struvite from CaCl2 and CaCO3 present in the solution.50 Ca2+ in high 

concentrations was shown to significantly inhibit struvite growth by precipitating phosphate in 

other phases such as hydroxyapatite as shown in other reports114, which is a thermodynamically 

favored phase due to high stability.50 Using ATR-IR and SEM, Gray-Munroe et al. have shown 

that amorphous hydroxyapatite clusters will rapidly nucleate on the Mg(OH)2 surface in the 

presence of phosphate. While this still results in phosphate removal, site blocking on the adsorbent 

are of concern for the process. In studies using human urine containing wastewater K+ ions have 

been shown to incorporate into struvite by substituting NH4
+ but can also have an inhibitory effect 

on Mg uptake in plants when incorporated into fertilizer together.19,117,122 

A number of these studies focus on metal incorporation into struvite during phosphate capture. 

Some cations present in the solution phase have been found to nucleate on struvite crystals as 

hydroxides due to the higher pH of the experiment.115,116  X-ray absorption spectroscopy and X-

ray photoelectron spectroscopy are two key techniques used to study the oxidation state and 
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coordination information of the metal ions incorporated into the solid phase. The presence of 

transition metals in wastewater during the crystallization of struvite or adsorption of phosphate 

using an adsorbent process operated under basic conditions can lead to heavy metal hydroxides 

nucleating on the phosphate product surface. This has been demonstrated on struvite recently by 

Tang et al. via an XPS study of struvite in the presence of various heavy metals.115 Rouff et al. 

have demonstrated using EXAFS (Extended X-ray absorption fine structure spectroscopy) that Zn 

may precipitate in the hopeite phase during struvite precipitation from MgCl2 via homogeneous 

nucleation111, but there is a lack of studies on brucite or magnesite as the Mg source in the presence 

of these transition metals. Magnesite tailings123 and dolomite124 have been shown to adsorb Cu2+ 

and Pb2+ so in the presence of phosphate competitive adsorption can occur, leading to 

incorporation in the final product. Process design should focus on pretreatment of the wastewater 

to remove such contaminants if the adsorbent is expected to be recycled as a fertilizer material. 

Furthermore, the impact of cation precipitation on the regeneration process of the adsorbent (using 

an alkaline solution) should also be assessed to see if the performance is hindered in proceeding 

adsorption cycles. Finally, the effect of ionic strength has not been reported for the Mg-based 

adsorbent systems and is an area of research that must be explored. This effect been demonstrated 

for phosphate adsorption on goethite, showing that in a basic environment the low ionic strength 

leads to lower phosphate adsorption.125 Since phosphate recovery as struvite occurs in basic 

environments, the effect of ionic strength would be invaluable in tuning batch crystallization 

operations.

Conclusions and future research

Phosphate removal from wastewater is an important issue that should be addressed using an 

environmentally sustainable and economically feasible solution. Adsorption has been 
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demonstrated to be such a feasible solution to achieve low concentrations of phosphate. Mg-based 

adsorbents can be regenerated for reuse or the product of adsorption can be used as a fertilizer in 

the interest of nutrient recycling.126 Potentially, inexpensive and abundant natural Mg-based 

minerals can also be used to tackle otherwise difficult to control phosphate emissions from non-

point sources, such as agricultural fields. Mg bearing minerals such as periclase (MgO), magnesite 

(MgCO3), dolomite (CaMg(CO3)2) occur naturally in great abundance.16 The worldwide reserves 

of magnesite and brucite are estimated by the USGS to be over 12 billion tons.16 The natural 

abundance of Mg bearing minerals and the well-established production and supply chain make 

them excellent candidates for phosphate adsorbents. 

 A broad variety of unsupported and supported adsorbent materials have been reported in the 

literature. For the design and implementation of successful phosphate adsorption and reuse process 

it is vital that we clearly understand kinetics, mechanism, thermodynamics, and related chemistries 

of phosphate adsorption under process-relevant conditions. This review summarizes the 

fundamentals and current state of the art for Mg-based adsorbent characterization, the kinetics of 

adsorption, isotherm analysis and thermodynamic parameters, adsorption mechanism, and 

competing ion effects. Some of the recommended future research suggestions are as follows. (1) 

Material characterization of adsorbents has been successful in terms of bulk characterization, but 

more surface-specific characterization with an emphasis on structure-performance relationships is 

needed to link mechanistic insights on adsorption to surface properties of adsorbents. (2) While 

pseudo-order models are prevalent in analyzing the kinetics of batch experiments, research interest 

should also move toward continuous operations and reporting kinetic parameters relevant to 

process design and scale-up. (3) While several studies have utilized in situ spectroscopic 

techniques to gain mechanistic insights, many reports in the literature continue to make 
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conclusions about adsorption mechanisms using kinetics. Future research directions should focus 

on incorporating experimental evidence to support conclusions on mechanisms since adsorption 

kinetic models are often simplified and do not reflect the surface restructuring phenomena. 

Additionally, more studies are needed to determine whether adsorption is occurring on a surface 

site or whether homogeneous nucleation is occurring in a supersaturated boundary layer 

surrounding the adsorbent particle due to dissolution. (4) Reporting isotherms of adsorption and 

relevant thermodynamic parameters helps solidify the understanding of the adsorption mechanism 

(i.e. physisorption vs chemisorption). Quantifying isosteric heat of adsorption, as well as enthalpy, 

entropy, and free energy changes of adsorption can be valuable in comparing performance as well 

as constructing a complete picture of the adsorption process. (5) More work is needed in 

understanding the effects of competing cations on the phosphate adsorption process. The cations 

present in wastewater can be hazardous but controlled incorporation of micronutrients allows for 

the production of slow-release fertilizers that can act as a new generation of fertilizers with less 

impact on nutrient cycles. Studying the mechanism of nucleation/adsorption as well as finding 

methods to pre-treat wastewater or mitigate the adsorption of these hazardous cations by 

controlling process conditions will be immensely important. (6) Finally, studying adsorption under 

realistic wastewater compositions would be of value in terms of translating the lab-scale research 

to pilot-scale studies. While the use of simulated wastewater helps control variables for 

fundamental research, applied research on studying competing ion effects and scale-up feasibility 

must also follow the fundamental studies of material development. 
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This tutorial review highlights the relationships between the fundamental studies of kinetics, 
equilibrium, and mechanism of phosphate adsorption. 
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