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Graphical Abstract 

 

 

Highlights 
 

• FSP and DD6 had higher fraction of pores > 10 nm compared to GEH and CFH.  

• All adsorbents showed similar adsorption capacities at equilibrium.   

• Small particles of all adsorbents reached equilibrium within 7 days.  

• Large particles of GEH and CFH took between 60 to 90 days reach equilibrium. 

• Pores > 10 nm were important to enhance adsorption kinetics.   

Abstract 

 

Phosphate is a vital nutrient but its presence in surface waters even at very low concentrations can lead 

to eutrophication. Adsorption is often suggested as a step for reducing phosphate down to very low 



concentrations. Porous metal oxides can be used as granular adsorbents that have a high surface area 

and hence a high adsorption capacity. But from a practical point of view, these adsorbents also need to 

have good adsorption kinetics. The surface area of such adsorbents comes from pores of varying pore 

size and the pore size distribution (PSD) of the adsorbents can affect the phosphate adsorption kinetics. 

In this study, the PSD of 4 different adsorbents was correlated with their phosphate adsorption kinetics. 

The adsorbents based on iron and aluminium (hydr)oxide were grinded and the adsorption performance 

was studied as a function of their particle size. This was done to identify diffusion limitations due to the 

PSD of the adsorbents. The phosphate adsorption kinetics were similar for small particles of all the 

adsorbents. For larger particles, the adsorbents having pores larger than 10 nm (FSP and DD6) showed 

faster adsorption than adsorbents with smaller pores (GEH and CFH).  Even though micropores (pores < 

2 nm) contributed to a higher portion of the adsorbent surface area, pores bigger than 10 nm were 

needed to increase the rate of adsorption.  

Keywords: Phosphate adsorption, particle size, pore size distribution, adsorption kinetics, diffusion, 

porous metal oxide 

1. Introduction 

Phosphate is a vital nutrient that is essential for life. It is a key component added in fertilizers for food 

production and has no substitute [1, 2]. But concentrations of phosphate in surface waters even in the 

range of 0.01 to 0.1 mg P/L can lead to eutrophication [3, 4].  This can happen via discharge from diffuse 

sources such as agricultural run-offs or point sources such as municipal wastewater treatment plants [5, 

6]. Eutrophication poses a large risk to the ecosystem resulting in environmental as well economical 

damage [7-9]. Hence there is a need for technology that can effectively reduce the phosphate to 

concentrations in the sub microgram levels.  

 



Adsorption is often suggested as polishing technology for reducing contaminants to such low 

concentrations [10-12]. A chief characteristic while developing adsorbents is to improve the adsorption 

capacity, i.e. the amount of phosphate removed per mass of adsorbent. Since adsorption is a surface 

reaction, a high surface area is often seen as an important characteristic to improve the adsorption 

capacity [13, 14]. Some studies report high capacity phosphate adsorbents by using nanoparticles which 

have a high surface area [15-17]. But such adsorbents are difficult to apply from a practical viewpoint 

due to difficulty in recovery or pressure drop related problems. These problems are overcome by 

immobilizing adsorbent particles in high surface area granular backbones [18-20]. Another way is to use 

granular porous metal oxides, where the pores give rise to a high surface area [11, 21, 22]. The surface 

area of such porous metal oxides are contributed by pores of varying size. Depending on the size of the 

pores as well as their arrangement, their accessibility by phosphate molecules could be affected. 

Moreover, the diffusion of phosphate into such pores could also get affected, which in turn will affect 

the adsorption kinetics. In this study, we address the effect of adsorbent pore size distribution (PSD) on 

the accessibility as well as diffusion of phosphate ions.  

 

Four different granular porous metal oxide adsorbents were tested for phosphate adsorption. Three of 

them are based on iron oxides, namely: granular ferric hydroxide (GEH), FerroSorp Plus (FSP), 

compacted ferric (hydr)oxides (CFH). The other adsorbent, called DD6, is based on aluminium oxides. 

These adsorbents have been studied due to their varying PSD and because iron and aluminium 

(hydr)oxides are known for their good phosphate adsorption properties. These adsorbents have 

different chemical properties owing to the difference in their metal oxide composition. The type of 

metal oxide varies its properties like crystallinity, type and amount of surface functional groups, surface 

charge [23-25]. Hence the differences in phosphate adsorption from such adsorbents cannot be related 

directly to the PSD. To overcome this challenge, the different adsorbents were grinded to varying 



particle sizes of 0 to 0.1 mm, 0.4 to 0.5 mm and 1 to 1.25 mm. Grinding porous adsorbents does not 

significantly influence their surface area since a majority of their area comes from pores smaller than 50 

nm, which are way smaller than the particle size (table S1 in supporting information). In such a case, 

reducing the particle size will mainly reduce the path length for diffusion inside the adsorbent [26, 27]. 

Hence by comparing adsorption performance between the different particle sizes of the same 

adsorbent, the effect due to chemical properties and surface area is excluded and the difference in 

adsorption is only due to diffusion limitation, which can be directly correlated with the PSD.  

 

The aim of this study is to give insights on the optimum PSD that can provide accessible surface area and 

faster diffusion for phosphate adsorption. This will thus help in designing an adsorbent that has a high 

phosphate adsorption capacity along with good adsorption kinetics.    

2. Materials and methods 

2.1. Chemicals 

Potassium dihydrogen phosphate (KH2PO4), hydrochloric acid (HCl) and sodium hydroxide (NaOH) were 

obtained from VWR chemicals. MOPS (3-(N-morpholino)propanesulfonic acid) was purchased from 

Sigma Aldrich. Granular ferric hydroxide (GEH), Ferrosorp Plus (FSP), compacted ferric hydroxide (CFH) 

were provided by GEH Wasserchemie Gmbh, HeGO Biotech Gmbh and Kemira, respectively. DD6 was 

purchased from BASF.  

2.2. Phosphate adsorption kinetic experiments 

The different adsorbents were grinded and sieved to give 3 particle size ranges: 0 to 100 µm, 400 to 500 

µm, 1 to 1.25 mm. Aqueous solution of phosphate with a concentration of 25 mg P/L was prepared in 

MilliQ water. MOPS has been known to be a non-chelating agent and hence was used as the buffering 



agent [28]. A concentration of 20 mM of MOPS was used and the solution pH was adjusted to 7.2 with 

HCl and/or NaOH. The adsorbent dose was 0.2 g (dry weight) in 100 ml phosphate solutions, resulting in 

adsorbent concentration of 2 g/L. The adsorption process happened in a shaking incubator at 21 °C and 

250 rpm. The kinetics were determined by measuring the phosphate concentrations at time intervals of 

30 mins, 1, 3, 6 h, 1, 2, 3, 4, 7 days, and 1, 2, 3 months. The shaking speed (or stirring rate) affects the 

external transfer from the bulk solution to the adsorbent boundary layer but not the internal diffusion 

to the adsorbent pores [27, 29, 30]. Thus it is enough to use a shaking speed that overcomes external 

mass transfer resistance. The shaking speed used here was based on the range provided by other 

studies involving porous phosphate adsorbents [18, 29, 31].  

2.3. Phosphate adsorption isotherm experiments 

The different adsorbents of the aforementioned particle size ranges were added to 100 ml solutions 

with phosphate concentrations of 1, 5, 10, 15, 25, 50, 75 and 100 mg P/L. MOPS buffer of 20mM 

concentrations was used to buffer the pH which was adjusted to 7.2. The adsorbent concentration was 2 

g/L. The adsorption process happened in a shaking incubator at 21 °C and 2500 rpm. The adsorption 

process was continued till 7 days after which the phosphate concentrations were measured.  

2.4. Analysis 

Phosphate concentration was measured by ion chromatrography (Metrohm Compact IC Flex 930). All 

samples were filtered by 0.45 µm membrane before analysis. The types of iron oxide in GEH, FSP, and 

CFH were determined using Mössbauer spectroscopy. Transmission 57Fe Mössbauer spectra were 

collected at different temperatures with conventional constant acceleration and sinusoidal velocity 

spectrometers using a 57Co (Rh) source. Velocity calibration was carried out using an α-Fe foil. The 

Mössbauer spectra were fitted using the Mosswin 4.0 program. The type of aluminium oxide in the 

adsorbent DD6 was measured by X-Ray Diffraction (XRD). The XRD measurements were carried out 



using a PANalytical X’Pert pro X-ray diffractometer mounted in the Bragg-Brentano configuration with a 

Cu anode (0.4 mm x 12 mm line focus, 45 kV, 40 mA). For determining the surface area of the 

adsorbents, nitrogen adsorption and desorption cycles were carried out using Micromeritics TriStar 

3000.  The data from the nitrogen adsorption-desorption profiles were fitted with models included in 

the analysis software to obtain the pore area from Non Local Density Functional Theory (NLDFT).  

 

2.5. Data fitting and error analysis 

All the adsorption experiments were run as duplicates and the average value was reported with 

standard deviation. For adsorption isotherms and pseudo second order kinetic models, model 

parameters were fitted with non-linear regression using Microsoft Excel’s solver program. The standard 

deviation of the parameter estimates (𝜃) were calculated using the covariance matrix, which is 

expressed as follows: 

𝐶𝑜𝑣 (𝜃) =
𝑆𝑆𝐸 (𝜃)

𝑛 − 𝑝
(𝑋(𝜃)

𝑇
𝑋(𝜃))

−1

 

Where,  

n denotes the number of samples, p denotes the number of parameters, SSE (𝜃) denotes the sum of 

squared error between the experimental data and fitted model output, X(𝜃) denotes the sensitivity 

matrix. The sensitivity matrix is calculated by analyzing the sensitivity of each parameters separately by 

± 10% of their optimum value and quantifying the change in model output. The standard deviation of 

the parameter estimates are calculated by taking square root of the diagonal of the covariance matrix.  

 

The Root Mean Square Error (RMSE) is used as measure of goodness of fit and is calculated as follows: 

RMSE 𝜃 = √
𝑆𝑆𝐸(𝜃̂)

𝑛−𝑝
 



 Where, SSE (𝜃), n and p denote the same parameters as used in the covariance matrix.  

Non-linear regression was used for the isotherm and kinetic models to avoid inaccuracies that occur due 

to linearization of such models [32, 33].  While the coefficient of determination (R2) can be used as a 

measure for the goodness of fit of linear models, they are not suitable for non-linear regression [34]. 

Hence, in this case, the RMSE, which is the standard deviation of residuals (difference between observed 

and fitted value) is used as a goodness of fit, with a lower RMSE value indicating a better fit. Moreover, 

the covariance matrix indicates the uncertainty in the parameter estimates, and thus is also indicative of 

the nature of the fit [35].  

3. Results and discussion 

 3.1. Adsorbent characteristics  

Table 1 shows the different characteristics of the adsorbents used. The type of metal oxide for iron 

based adsorbents was determined using Mössbauer spectroscopy (Mössbauer parameters shown in 

table S2 in supporting information). The type of metal oxide for the aluminium based adsorbent DD6 

was determined using XRD (Figure S1 in supporting information shows the spectrogram).  

Table 1: Adsorbent characteristics 

Adsorbent Type and proportion of constituent metal 

oxide(s) 

Total pore 

area (m2/g)a 

GEH Hematite – 11 % 

Ferrihydrite – 89 % 

244 

FSP Ferrihydrite – 100 % 179 

CFH Goethite/Hematite – 43 % 119 



Ferrihydrite/Lepidocrocite – 57 % 

DD6 Aluminium oxide hydroxide – 34 % 

Aluminium oxide – 66 % 

235 

a- The total pore area shown here is for the adsorbents of size 1 to 1.25 mm. However, the area of the 

adsorbents showed little change (a maximum change of < 5 %) when the particle sizes were reduced 

(Table S1 in supporting information).  

As can be seen from Table 1, FSP and GEH predominantly comprised of ferrihydrite, although GEH had a 

small fraction of hematite. For CFH, the hyperfine fields could not be exactly assigned to a specific iron 

oxide and hence it could be a combination of iron oxides that include lepidocrocite as well as goethite. 

The XRD spectra of DD6 included peaks that corresponded to aluminium oxide as well as aluminum 

oxide hydroxide. The result shows that most of the adsorbents had a mixture of metal oxide types. This 

would lead to having heterogeneous sites for adsorption.  

The total pore area was determined using the Non-Linear Density Functional Theory (NLDFT) model, 

incorporated within the software of the Micrometric nitrogen adsorption analyzer. The International 

Union of Pure and Applied Chemistry (IUPAC) classifies porous materials into 3 categories based on the 

pore diameters; namely, micropores (< 2nm), mesopores (2 to 50 nm) and macropores (> 50 nm) [36, 

37]. Gas adsorption and desorption profiles can be fit with different models (inbuilt within the 

Micrometric software) to obtain information like the specific surface area, pore volume and pore size 

distribution [38]. While meso and macropores can be described by the classic/macroscopical models like 

BJH (Barret-Joyner-Halenda), the accurate description of micropores requires more modern models like 

NLDFT [39, 40]. The mechanism of pore filling constitutes the main difference between these models. 

BJH model assumes that pore filling via pore condensation constitutes well defined interfaces in the 

pores. While this works for macropores and to the larger mesopores, the adsorptive potential between 



adsorbate and adsorbent plays a major influence in the condensation and evaporation from smaller 

mesopores and micropores [40]. The NLDFT model takes into account the differences in thermodynamic 

properties of a bulk fluid vs a fluid confined in pores [41]. Thus it is able to give a more accurate 

description of the micro and mesopores.  

To get a complete picture of micro, meso and macropores, the adsorbents used were characterized 

using both the NLDFT and the BJH model (Figure S2 in supporting information). The pore size 

distribution (PSD) of the adsorbents as determined by the NLDFT method is shown in Figure 1. 

Henceforth, the term surface area actually implies the pore area.  

 

Figure 1: (a) Incremental and (b) Cumulative pore volume of different adsorbents as determined by the 

NLDFT method. (c) Incremental and (d) Cumulative pore area for the corresponding adsorbents. The 

dashed lines within the plots show the cut off (2 nm) between micro and mesopores. 



As seen in Figure 1, the adsorbents had very different PSD. Figure 1 (a and b) show that the GEH and CFH 

had pores smaller than 10 nm. FSP and DD6 on the other hand had a significant fraction of pore volume 

resulting from pores bigger than 10 nm. Figure 1 (c and d) show the area resulting from the 

corresponding pores in the adsorbent. This shows that GEH had significant pore area resulting from 

micropores as well as mesopores smaller than 10 nm, whereas CFH had a majority of pore area from the 

micropores. FSP and DD6 had pore area resulting from pores greater than 10 nm as well. Figure 2 shows 

the relative fraction of micropore area, and mesopore areas that are between 2 and 10 nm and between 

10 and 50 nm.  



 

Figure 2: Relative fractions for microporous, mesoporous (a) pore volume and (b) pore area in the 

different adsorbents. The mesoporous fraction is split further at the cut-off of 10 nm.  

Figure 2 shows that even though the pore volume resulting from micropores is lower than that from the 

mesopores for all adsorbents, the pore area of micropores has a significantly higher fraction. This was to 

be expected since smaller pores will have the highest area to volume ratio. Figure 2 also shows that FSP 

has the highest amount of surface area resulting from pores bigger than 10 nm, followed by DD6.  CFH 

and GEH have little to no surface area resulting from such pores. The area contributed by macropores 

was also negligible (Figure S2 in supporting information). Since adsorption is a surface phenomenon 

depending on the area, very little phosphate adsorption will happen in macropores compared to 



micropores and mesopores. Nevertheless, macropores can still play a role by allowing faster diffusion of 

phosphate [42].   

 

3.2. Adsorption kinetics for varying particle sizes and correlation with the PSD 

The adsorption kinetics were done with varying particle sizes to understand how phosphate diffusion 

through the pores is affected with varying path lengths for diffusion. All the adsorbents were grinded 

between 3 particle size ranges: 1 to 1.25 mm, 0.4 to 0.5 mm, and 0 to 0.1 mm, henceforth called large, 

medium and small, respectively. Figure 3 shows the adsorption kinetics for the different particle sizes of 

all adsorbents.  

 



 

Figure 3: Adsorption kinetics for different sizes of adsorbents (a) GEH (b) FSP (c) CFH (d) DD6. Dashed 

lines represent fit by the pseudo second order kinetics.  

As seen in Figure 3, the small particles of all adsorbents reached equilibrium by 7 days. For FSP and DD6, 

the large particles also almost reached equilibrium in 7 days. However, this was not the case for the 

large particles of GEH and CFH. To find out the time required to reach equilibrium for these particles, the 

adsorption kinetic experiments were prolonged. It was found that it took between 60 to 90 days for the 

large particles of GEH and CFH to reach equilibrium (see Figure 4). This is a significantly longer time than 

reported in most phosphate adsorption studies and shows that these adsorbents show severe diffusion 

limitation. As will be elaborated in the following sections, this is related to the PSD of these adsorbents.   

 



 

Figure 4: Adsorption kinetics performed upto 90 days as a function of different particle sizes for (a) GEH 

(b) CFH 

To correlate these differences with the pore size distribution, the adsorption kinetics needed to be 

modelled. A pseudo second order kinetic model was chosen due to its basic nature and it has been 

commonly used for fitting phosphate adsorption kinetics [43-45]. It is described by the following 

expression:  

𝑞𝑡 =  
(𝑘𝑞𝑒

2𝑡)

(1 + (𝑘𝑞𝑒𝑡))
 

where, qt is the adsorption capacity at time t, k is the adsorption rate constant (g/mg min),  

qe is the adsorption capacity at equilibrium.  

 

The parameters estimated from the pseudo second order kinetic model are shown in Table 1Table 2. 

The rate constant obtained from the pseudo second order model for different adsorbents was plotted as 

a function of the adsorbent particle size (Figure 5).  

 



Table 2: Pseudo-second order kinetic model fitted parameters 

Adsorbent

/Particle 

Size 

Large Medium Small 

GEH qe(mg P/g) = 11.3 ± 2.1 

k (g/mg min) = 2.8 x 10-5 

± 2.6 x 10-6 

RMSE = 0.9 

qe(mg P/g) = 11.8 ± 0.9 

k (g/mg min) = 7.5 x 10-5 

± 9.6 x 10-6 

RMSE = 0.8 

qe(mg P/g) = 12.1 ± 0.1 

k (g/mg min) =  3.8 x 10-3   

± 1.8 x 10-4 

RMSE = 0.2 

FSP qe(mg P/g) = 11.8 ± 0.4 

k (g/mg min) = 2.1 x 10-4 

± 9.5 x 10-6 

RMSE = 0.6 

qe(mg P/g) = 11.7 ± 0.3 

k (g/mg min) = 6.2 x 10-4 

± 5 x 10-5 

RMSE = 0.4 

qe(mg P/g) = 11.6 ± 0.4 

k (g/mg min) = 3.1 x 10-3 ± 

2.1 x 10-4 

RMSE = 0.9 

CFH qe(mg P/g) = 12.4 ± 1.2 

k (g/mg min) = 3.4 x 10-5 

± 1.7 x 10-6 

RMSE = 0.6 

qe(mg P/g) = 12.6 ± 0.5 

k (g/mg min) = 1.5 x 10-4 

± 2.1 x 10-5 

RMSE = 0.8 

qe(mg P/g) = 12.6 ± 0.1 

k (g/mg min) = 3.1 x 10-3 ± 

4.7 x 10-4 

RMSE = 0.2 

DD6 qe(mg P/g) = 11.8 ± 0.5 

k (g/mg min) = 1.5 x 10-4 

± 3.5 x 10-6 

RMSE = 0.4 

qe(mg P/g) = 11.9 ± 0.2 

k (g/mg min) = 4.4 x 10-4 

± 3.1 x 10-5 

RMSE = 0.2 

qe(mg P/g) = 11.3 ± 0.2 

k (g/mg min) = 6.3 x 10-3 ± 

2.9x 10-4 

RMSE = 0.4 

 



 

Figure 5: Pseudo second order rate constants as a function of particle size of different adsorbents. 

Particle sizes were considered as 0.05 mm, 0.45 mm, 1.125 mm since they represented the average 

values between the particle size ranges of 0 t 0.1, 0.4 to 0.5 and 1 to 1.25 mm. The adsorption rate 

constant is presented on a log scale.  

As can be seen from Table 2 and Figure 5, the rate constants for the small particle size of all adsorbents 

were in the same order of magnitude. However, as the particle size increased (> 0.4 mm) the rate 

constants for the different adsorbents varied as much as by an order of magnitude. For the large 

adsorbent particles, FSP and DD6 had rate constants that were higher by one order of magnitude 

compared to GEH and CFH. This implied the adsorption rate was higher for the large particles of FSP and 

DD6 compared to GEH and CFH, which can be seen from Figure 3.  

A ratio of the rate constant of the small (KSmall) to the large adsorbent (KLarge) can be used as an indication 

of the extent of diffusion limitation in this case. If this ratio of KSmall/KLarge is lower, this implies the 

adsorption kinetics is less effected by varying the particle size. To correlate this effect with the PSD, the 

ratio of the rate constant of small to the large adsorbent particles (KSmall/KLarge) was plotted against the 



pore area resulting from micropores (< 2 nm), pores between 2 to 10 nm, and pores greater than 10 nm, 

as shown in Figure 6.  

 

Figure 6: Ratio of rate constants from pseudo second order kinetic model of small (0 to 0.1 mm) to large 

particles (1 to 1.25 mm) for the different adsorbents as a function of (a) Area by pores less than 2 nm (b) 

Area by pores between 2 to 10 nm (c) Area by pores greater than 10 nm.  



As can be seen from Figure 6, GEH and CFH had a significantly higher KSmall/KLarge value than FSP and DD6, 

which correlates with the observation in Figure 3 regarding the adsorption kinetics. Also, Figure 6 (a and 

b) shows that no clear correlation could be made between the KSmall/KLarge values of the different 

adsorbents and the microporous area and the area resulting from pores between 2 to 10 nm. For 

instance, GEH had a higher microporous area as well as area from pores between 2 to 10 nm, but still 

showed a higher variation in the adsorption kinetic constants. This implies that the adsorption kinetics 

are not dominated by the pores in the size ranges that are smaller than 10 nm. 

However, a correlation could be observed between KSmall/KLarge values of the adsorbents and the area 

resulting from pores bigger than 10 nm (Figure 6 c). The KSmall/KLarge values varied inversely with the area 

resulting from pores bigger than 10 nm. In practice the rate constant for a smaller particle will always be 

higher than the rate constant for a larger particle of the corresponding adsorbent. Thus KSmall/KLarge value 

will always be higher than 1. The plot in Figure 6 c is in line with this expected asymptote at value 1 as 

the area from pores bigger than 10 nm keeps increasing. This correlation was also observed with the 

pore volume from such mesopores (Figure S3 in supporting information). This shows that having pores 

bigger than 10 nm is crucial for improving the phosphate adsorption kinetics of granular porous metal 

oxides.  

3.3. Adsorption isotherms for varying particle sizes  

Adsorption isotherms are an important tool that provide phosphate adsorption capacities over a wide 

range of phosphate concentration. The adsorption kinetics experiment showed that the small sized 

particles of all adsorbents reached equilibrium by 7 days. Thus the adsorption isotherms were run for 7 

days for all the particle sizes to see the effect of diffusion limitation over different phosphate 

concentrations. Figure 7 shows the adsorption isotherms of the different adsorbents of the varying 

particle sizes after allowing adsorption for 7 days.  



 

 

Figure 7: Adsorption capacities as a function of final concentration after 7 days for different sizes of 

adsorbents (a) GEH (b) FSP (c) CFH (d) DD6. The dashed plot shows the fits with Langmuir and Freundlich 

models of the small adsorbent particles.  

Figure 7 shows that for the small particles of all adsorbents, similar experimental adsorption capacities 

around 25 mg P/g were observed at final concentrations of 40 to 50 mg P/L. Morevoer the adsorption 

isotherms for the different adsorbents correlated with the observations in the adsorption kinetic 

studies. That is, varying particle sizes of FSP and DD6 showed similar adsorption profiles. This agrees 

with the fact that these adsorbents reached equilibrium by 7 days for all particle sizes. GEH and CFH on 

the other hand showed differences in the adsorption profiles between the varying particle sizes. This 



agrees with the fact that the medium and larger sized granules of such adsorbents need a much longer 

time for reaching equilibrium. Modelling the equilibrium adsorption data allows the prediction of 

adsorption capacities at different phosphate concentrations. As seen earlier, the small particles had 

reached equilibrium by 7 days for all the adsorbents. Hence the isotherms from the small sized 

adsorbent particles were chosen to be modelled.   

The Langmuir and Freundlich adsorption isotherm models are commonly used for describing phosphate 

adsorption [11, 13, 46, 47].   

The Langmuir expression is: 

𝑞𝑒 =
 𝑞𝑚𝐾𝐿𝐶𝑒

(1 + 𝐾𝐿𝐶𝑒)
                                                                                                                                                               

Where, qm = Maximum adsorption capacity (mg P/g),  

qe = Adsorption capacity at equilibrium (mg P/g),  

Ce = Concentration at equilibrium (mg P/L),  

KL = Langmuir isotherm constant (L/mg P).  

The Freundlich expression is: 𝑞𝑒 = 𝐾𝐹𝐶𝑒
𝑛 

Where, qe = Adsorption capacity at equilibrium (mg P/g),   

Ce = Concentration at equilibrium (mg P/L),  

n = Adsorption intensity (heterogeneity factor), 

KF = Freundlich isotherm constant ((mg P/g)/(mg P/L)n) 

Since phosphate adsorption onto metal oxides happens by ligand exchange/chemisorption (thus 

excluding multilayer adsorption), the main difference between the assumptions of Langmuir and 

Freundlich models in this case lies in the nature of the active sites for adsorption. Langmuir model 



assumes homogenous active sites, whereas Freundlich model assumes heterogenous active sites [48-

50]. Thus the Freundlich model implies that phosphate will bind on the adsorbent at active sites having 

different heat of adsorption and affinities [50]. Table 3 shows the fitted values of the parameters from 

these models and the corresponding Root Mean Square Error (RMSE).  

Table 3: Isotherm parameters for small particles of different adsorbents 

Adsorbent/ 

Isotherm model  

Freundlich Langmuir 

GEH KF ((mg P/g)/(mg P/L)n) = 10.8 ± 3.7 

n = 0.2 ± 0.1 

RMSE = 2.8 

 

KL (L/mg P) = 7.6 ± 1 

qm (mg P/g) = 20.9 ± 1.8 

RMSE = 1.7 

FSP KF ((mg P/g)/(mg P/L)n) = 10.9 ± 1.8 

n = 0.2 ± 0.05 

RMSE = 2 

 

KL (L/mg P) = 2.3 ± 1.7 

qm (mg P/g) = 23.6 ± 1 

RMSE = 2.7 

CFH KF ((mg P/g)/(mg P/L)n) = 13.9 ± 4.2 

n = 0.2 ± 0.09 

RMSE = 4 

 

KL (L/mg P) = 7.6 ± 1.1 

qm (mg P/g) = 26.6 ± 1.5  

RMSE = 1.9 

DD6 KF ((mg P/g)/(mg P/L)n) = 10.8 ± 4.2 

n = 0.2 ± 0.1 

RMSE = 2.9 

 

KL (L/mg P) = 8.4 ± 0.9 

qm (mg P/g) = 20.9 ± 1.7  

RMSE = 1.6  



As can be seen from the RMSE values in Table 3, the Langmuir model gave a better fit than the 

Freundlich model for all adsorbents except FSP. However, it can be seen from Figure 77 that neither 

adsorption model fitted the experimental data perfectly over the complete range of phosphate 

concentrations. The Langmuir model gave a better fit over the lower concentration ranges and the 

Freundlich model gave a better fit over the higher concentration ranges. Since most of the adsorbents 

comprised of multiple phases/types of metal oxides, it could be that at lower phosphate concentrations 

one of the metal oxides were preferred for phosphate adsorption thus resembling the Langmuir fit 

better. At higher phosphate concentration, the fraction of active sites occupied by other metal oxide 

phases might become important as well. This would lead to a heterogenous nature of adsorption and 

thereby resemble the Freundlich fit better at such concentrations.  

Another explanation could be the formation of surface precipitates at higher phosphate concentration 

[51]. Even though the adsorbents were washed with MilliQ (deionized) water before the adsorption 

experiments, during the course of 7 days, some soluble components of the adsorbent (e.g. iron and 

aluminium) inside the pores might result in surface precipitation with phosphate. Surface precipitation 

will follow a reaction mechanism that will be different than adsorption [51]. This will show an increased 

removal and hence might lead to a higher apparent adsorption capacity than the monolayer adsorption 

predicted by Langmuir model.   

The adsorption isotherms can help get an estimate of the fraction of adsorbent surface area covered by 

phosphate at different equilibrium concentrations. The phosphate molecule has a diameter of about 

0.48 nm [52], and assuming a monolayer, this approximately translates to a cross sectional area of 3.5 

m2/mg P. Table 4 shows the fractions of adsorbent surface area occupied at the maximum adsorption 

capacity and the adsorption capacity at an equilibrium phosphate concentration of 0.1 mg P/L (q0.1) as 

estimated from the Langmuir equation. q0.1 is relevant considering the need for achieving very low 

concentrations of phosphate via adsorption.  



 

Table 4: Fraction of adsorbent surface area occupied at maximum adsorption capacity and adsorption 

capacity at equilibrium concentration of 0.1 mg P/L, i.e. q0.1. The fraction of surface area occupied is 

calculated assuming monolayer coverage, and the q0.1 is calculated using the Langmuir equation.  

Adsorbents qm (mg P/g)  Fraction of 

surface area 

occupied at qm 

(%) 

q0.1 (mg P/g) Fraction of 

surface area 

occupied at q0.1 

(%) 

GEH 20.9 30 9 13 

FSP 23.6 46 4.4 9 

CFH 26.6 78 11.5 34 

DD6 20.9 31 9.5 14 

 

Table 4 shows that CFH had the highest fraction of adsorbent surface coverage for both qm as well as 

q0.1. In all other cases, less than 1/7th of the adsorbent surface area is occupied at q0.1. This shows that 

only a small fraction of the adsorbent surface area is covered at equilibrium phosphate concentrations 

of 0.1 mg P/L. Another conclusion that can be drawn from this observation is regarding the contribution 

of micropores. CFH has about 85 % of its surface area coming from micropores (Figure 22 b) and the 

occupancy by phosphate is between 34 to 78 % of the surface area of CFH. Thus it can be concluded that 

the micropores do contribute to phosphate adsorption.  

3.4. Possible explanations for diffusion limitation  

The severe diffusion limitation shown by larger adsorbent particles for GEH and CFH can be seen from 

the adsorption kinetics (Figure 3 and Figure 4). By modelling with the pseudo-second order kinetic 



model, it could be shown that pores bigger than 10 nm are essential for allowing fast transport of 

phosphate through the adsorbent. While the pseudo second order kinetic model was useful in 

correlating the adsorption kinetics to the PSD, it is an empirical model and does not give an insight into 

the mechanism of phosphate adsorption kinetics [53]. The adsorption kinetics were thus also modelled 

by a pore diffusion model (PDM), which is a more mechanistic model considering Fick’s laws of diffusion 

for estimating the effective pore diffusivity and external film mass transfer coefficient [22]. However, 

this model gave a poorer fit than the pseudo second order model and hence was not considered further. 

Amongst the major limitations from the current PDM is the fact that it considers the adsorbent particle 

size to be all the same. In practice the adsorbents will have a particle size distribution. Moreover it takes 

into account the adsorbent particle porosity, but it does not differentiate between the porosity 

contributed by micro, meso or macropores. Also, adsorption could be happening via a combination of 

pore and surface diffusion [54], in which case pore diffusion alone will not be able to give a sufficient 

description.  

Moreover, it is not just the PSD, but also the 3 dimensional arrangement of the pores that would play a 

key role in diffusion of an adsorbate ion through the adsorbent [55]. Techniques such as focused ion 

beam scanning electron microscopy (FIBSEM) can be used to obtain 3D information of porous structures 

[56]. A phosphate molecule has a size of 0.48 nm and once they are adsorbed in micropores (pore width 

< 2nm), they could hinder the subsequent transport of other phosphate molecules through the 

micropores. This will also depend on the arrangement of micropores, i.e. if they are highly branched or 

exist as long isolated cylinders. In the latter case, the adsorbed phosphate molecule has to diffuse along 

the surface before a subsequent phosphate molecule can travel through the pore and adsorb. The 

diffusion could also be affected by the formation of hydration shells [57]. Such factors would lead to 

hindered diffusion through small pores which would slow down the rate of phosphate adsorption [58]. 

More detailed models considering all these parameters can give a better insight into the adsorption 



mechanism. The downside with such models could be the complexity involved in solving such models 

accurately to estimate the mass transfer coefficients or adsorption rate constants. It would be practical 

to study such models in conjunction with column studies and model the kinetic data based on realistic 

hydraulic retention times.  

 

4. Conclusion 

This study determined the effect of pore size distribution (PSD) on phosphate adsorption. Varying the 

adsorbent particle size allowed the difference in adsorption to be correlated directly with the diffusion 

into the pores. Adsorption kinetic experiments showed that equilibrium was reached within 7 days for 

all particle sizes of FSP and DD6, whereas the medium (0.4 to 0.5 mm) and large (1 to 1.25 mm) particles 

of GEH and CFH required 60 to 90 days to reach equilibrium. The adsorption kinetics  were fitted by a  

pseudo second order model and the ratio of rate constants of the large to small particles, i.e. KSmall/KLarge 

was used as an indication to understand the diffusion limitation. This ratio was correlated with the 

adsorbent PSD to show that pore sizes greater than 10 nm are required for good adsorption kinetics.  

The insights from this study will help to design granular porous phosphate adsorbents with an 

appropriate PSD. This is necessary to obtain high phosphate adsorption capacities in relatively short 

contact times. Future studies should include modelling the adsorption kinetics in a column mode at 

more realistic contact times. More holistic studies on the pore structure of adsorbent must include the 3 

dimensional arrangement of the pores apart from the PSD.  
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