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Abstract 

In the present study, we investigated the removal characteristics of phosphate and nitrate through 

adsorption on boron waste (BW) and heat treated boron waste (BW400) under batch equilibrium and 

column flow conditions. The effects of pH, contact time, initial solution concentration, and 

temperature on the uptake of both anions by the adsorbents in batch operation were examined. The 

equilibrium data were fitted to different types of adsorption isotherms. Langmuir adsorption model 

showed the best fit to the experimental adsorption data. The data were further analyzed on the basis of 

the Lagergren first order, pseudo-second-order and intraparticle diffusion kinetic models. The 

maximum adsorption capacities of heat treated BW for nitrate and phosphate were approximately 63.2 

and 52.5 mg∙g-1, respectively, which shows higher maximum capacity for phosphate and a similar 

capacity for nitrate in comparison with other adsorbents used. Breakthrough curves obtained from 

fixed-bed column tests showed that column adsorption capacities provided strong evidence of the 

potential of BW400 for the technological applications of phosphate and nitrate removal from aqueous 

solutions. 
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1. Introduction 

Water pollution due to excessive presence of nitrogen and phosphorus species has become a 

serious problem worldwide in recent years. Agricultural, industrial, households uses and many other 

human activities are the major sources of phosphates and nitrates in natural bodies of water [1]. 

Phosphate and nitrate can contribute significantly to eutrophication in the aquatic environment. 

Eutrophication comprises the abundance of aquatic plants, growth of algae, and depletion of dissolved 

oxygen in water [2]. Furthermore, high nitrate concentration in drinking water can lead a potential risk 

to animal and human health. Excessive level of nitrate in drinking water can cause acute poisoning in 

cattle [3], a blue baby disease in newborn infants [4, 5], and the potential formation of carcinogenic 

nitrosamines [6]. 

Several physicochemical and biological processes have been used for the removal of dissolved 

heavy metals, dyes, phosphate and nitrate in water and wastewaters [7-15]. Among them adsorption 

method has become a popular method since it allows simple and economical operation resulting in less 

sludge production. A number of materials including carbon-based sorbents [16-17], biosorbents [18-

24], natural sorbents [25-30], miscellaneous adsorbents [31-35], agricultural wastes [36, 39], and 

industrial wastes [40, 41] have been tested for the removal of nitrate and phosphate from waste waters.  

In recent years, considerable experimental progresses have been made in the use of wastes 

containing boron impurity for the removal of heavy metals [42-44] and dyes [45-48] from aqueous 

solutions. Boron waste (BW) is a waste residue formed during boron enrichment process in different 

boron plants in Turkey. Chemical composition of BW changes with respect to the type of the boron 

ore sources. BW is mainly composed of ulexite, zeolite, colemanite, and some clays. Due to chemical 

and mineralogical species present in the BW, this solid waste is an excellent low-cost adsorbent for the 

removal of pollutants from water.  

The primary objective of this work is to develop a process for removal of phosphate and nitrate 

from aqueous solution using adsorption based technology. For this purpose, adsorption characteristics 

of these anions on BW and heat treated BWs were systematically investigated under batch equilibrium 

and column flow conditions. The effects of various operating conditions, namely, pH of solution, 

initial concentration of anions, contact time, and temperature, were investigated. The experimental 

data were analyzed on the basis of the Langmuir, Freundlich, and Dubinin-Raduskovich adsorption 

equations. Further, the experimental data were fitted to the Lagergren first-order, pseudo-second order 

and intra-particle diffusions models. Column adsorption data were used to obtain breakthrough 

adsorption capacity of adsorbents for nitrate and phosphate ions. 

 

2. Materials and methods 

2.1 Materials 

Analytic grade KNO3 and KH2PO4 (Merck, Germany) were used in all experiments. A stock 

solution of nitrate and phosphate (1000 mg∙L-1) were prepared by dissolving required amount of 
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chemicals in distilled water. Solutions at various concentrations were obtained by diluting the stock 

solution with distilled water to the desired concentration. The waste material (BW) was obtained from 

Etibor (Bigadiç Balıkesir, Turkey) and dried at 90 ºC for two hours. The BW was prepared by grinding 

it in a laboratory type ball-mill. It was then screened through a 63 mess sieve. Chemical components 

of BW based on dry weight mainly are: Na2O (7.52%), B2O3 (13.37%), CaO (17.52%), MgO 

(10.32%), SO3 (14.20%), and SiO2 (15.50%) [42]. This sample was referred to as BW. In order to 

examine the effect of heat treatment on the adsorption capacity of BW, the sample was heat treated at 

varying temperatures (300, 400, 500, and 600 °C) for 4 h. 

 

 

2.2 Characterization of the adsorbents 

Zeta potential measurements of BW and heat treated BWs were conducted using a Zeta meter 

(Zeta meter 3.0 +542, USA) over a broad range of pH (3 to 9). A known amount of BW was 

suspended in 50 mL of distilled water, and the solution pH was adjusted between 3.0 and 9.0. After pH 

adjustment, the mixtures were equilibrated with a magnetic stirrer for 20 min, and the Zeta potential 

was measured. The BET surface areas of original BW and heat treated BWs were determined by the 

nitrogen adsorption isotherm technique on an automatic BET surface area analyzer (Quantachrome, 

NOVA 2200, USA). 

 

2.3 Batch adsorption studies 

The adsorption capability of BW and BW400 toward nitrate and phosphate anions was 

investigated separately using aqueous solutions of KNO3 and KH2PO4. Adsorption was performed 

batch-wise in Erlenmeyer flasks on a temperature regulated platform stirrer under the following 

conditions: temperature 25 – 55 °C, adsorbent dosage 2 g∙L-1, pH 3 - 8, an initial concentration 50- 120 

mg∙L-1 and 50 - 140 mg∙L-1 for phosphate and nitrate ions,  respectively. The pH of the solutions was 

adjusted by adding either 0.1 M HCl or 0.1 M NaOH. The adsorbent and anion suspensions were 

continuously agitated with a speed of 200 rpm for 90 min. Following the exposure of adsorbents to 

phosphate and nitrate anions, the samples were collected by centrifugation at 5000 rpm for 15 min.  

  Phosphate ion concentration in residual solutions was determined by the formation of ammonia 

phosphomolybdate and the subsequent reduction with ascorbic acid followed by spectrophotometric 

measurement at 880 nm with a spectronic 20 Genesis model spectrophotometer. Nitrate ion 

concentration in the solution was analyzed by NitroVER5 powder-pillow test kids. The amount of 

anions adsorbed per unit weight of adsorbent (qe) was calculated using the following equation: 

m

VCC
q ei

e
)( 

                                                                                                                          (1) 
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where Ci  and Ce  represent initial and equilibrium concentrations of ions in  mg· L-1, respectively, V is 

the volume of  solution in liters (L); and m is the mass of the adsorbent in grams (g).   

 

2.4 Column experiments 

Fixed-bed column studies were performed using a laboratory scale glass column with an internal 

diameter of 1 cm and a length of 12 cm. A stainless sieve was attached at the bottom of column with a 

layer of glass wool. A known quantity of anion solution was fed in upwards through the column. The 

column was operated at three different flow rates ranging 0.5-1.5 mL ∙ min-1 for a solution 

concentration of 100 mg ∙L-1, a bed height of 12 cm, pH 3, and 25 °C. The effect of adsorbate 

concentration on the adsorption capacity of adsorbents was studied using initial anion concentrations 

ranging from 100 to 300 mg∙L-1. In addition, the bed height (6, 9, and 12 cm) was studied at an initial 

anion concentration of 100 mg∙L-1. Effluent samples were collected at the outlet of the column at 

regular time intervals and analyzed for anion concentration. The breakthrough curves were obtained 

by plotting the ratio (C/Co) of anion concentration (C) at time t to initial concentration (C0) versus time 

(t). 

 

3. Results and discussions 

3.1. Batch adsorption tests 

3.1.1. Effect of initial solution pH 

The effect of initial solution pH on nitrate and phosphate removal by two adsorbents is illustrated 

in Fig. 1. Adsorption capacity, qe, was analyzed over a pH range of 3-9. It is seen that adsorption of 

anions were considerably influenced by the pH of solutions. There was an increase in the adsorption 

capacity of adsorbents with decreasing pH from 8 to 3 for both anions and the maximum adsorption 

capacity was observed at pH 3. The variation of adsorption with pH can be explained by the 

electrostatic interaction between the adsorbent and adsorbate. As seen in Fig. 2, zeta potentials of 

BW400 are higher than those of BW at different pHs, giving zero charge of BW and BW400 at 4.1 

and 5.8, respectively. The adsorbents are positively charged at lower pH and positive charge density 

on the adsorbents favors the adsorption of nitrate and phosphate anions. Increasing pH of the solution 

results in a negative zeta potential that causes increased electrostatic repulsion between negatively 

charged surface and negatively charged ions in the solutions. 

[Insert Fig.1] 

[Insert Fig.2] 

 

The comparison of the adsorption capacities of adsorbents showed that BW400 was more 

effective for nitrate and phosphate adsorption than BW in the pH ranges studied. The difference in the 

adsorption capacity of adsorbents can be explained with the surface charge on the adsorbents (Fig. 2). 

[Insert Fig.3] 
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3.1.2. Heat treatment results 

The effect of heat treatment on the anion removal of BW is seen in Fig. 4. It is apparent that phosphate 

and nitrate removal capacity of BW increased with increasing temperature up to 400 ºC. The samples 

heated beyond 400 ºC showed lower phosphate and nitrate removal capacity than those heated at 400 

°C. These results can be mainly attributed to the surface area of the BW. As seen from Fig. 3 that the 

surface area of BW increases with increasing temperature up to 400 °C. The increase in the surface 

area is resulted from the structural changes that occur during heating. The XRD patterns of BW and 

calcined BW showed that the major phases of BW are ulexite, calcite, and colemanite, with minor 

dolomite, and zeolite. After heating, the peak intensities for ulexite significantly decrease [46]. Heat 

treatment results in dehydration and dehydroxylation reactions in ulexite. Meanwhile the gradual 

removal of water increases the porosity up to 400 °C. Thus, increase in porosity of BW 

particles leads to an increase in surface area. The higher surface area produced higher 

adsorption capacity of BW. At temperature higher than 400 °C, it is probable that the 

sintering reactions at grain boundary result in breakdown of pores thereby reducing the 

specific surface area. 

[Insert Fig.4] 

 

3.1.3. Effects of contact time, temperature, and initial ion concentration  

The effect of initial anion concentration on uptake capacity of BW and BW400 was studied at pH 

3.0 and 25 °C. The results showed that the anion uptake capacity of BW increased from 8.56 and 9.08 

mg∙g-1 at 10 mg∙L-1 initial concentration to 28.65 mg∙g-1 and 43.55 mg∙g-1 at initial phosphate and 

nitrate concentrations of 120 mg.L-1 and 140 mg.L-1, respectively. The adsorption capacity of BW400 

increased to 52.38 and 63.15 mg ∙g-1. This may be attributed to the number of available active 

adsorption sites and solution concentration.  

In order to establish the equilibration time for maximum adsorption of nitrate and phosphate and 

to know the kinetics of the adsorption process, the adsorption of anions on BW and BW400 were 

studied as a function of contact time. Figs. 5 and 6 display the effect of contact time on the adsorption 

capacity of BW400 at different temperatures. The adsorption of phosphate and nitrate ions was rapid 

in the first stage, followed by a slow stage. The phosphate uptake nearly reached equilibrium in 90 

min on BW (Figures not given). However, equilibrium was established in 75 min on BW400 

indicating positive contribution of structural changes that occur in adsorbent during heating to the 

extent of adsorption. In phosphate adsorption studies, 90 min and 75 min were chosen as the optimum 

contact time for BW and BW400. The uptake of nitrate reached equilibrium in 90 min on both 
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adsorbents. The loading capacity of the adsorbents significantly increased with an increase in the 

temperature from 25 to 55 °C.  

[Insert Fig.5] 
 

[Insert Fig.6] 
 

3.1.4.  Adsorption kinetics 

The kinetics of adsorption of phosphate and nitrate on various materials has been studied using 

various kinetic equations. The best prevailing equation is the Lagergren pseudo-first order model [49]. 

It can be written as 

tkqqq ete )303.2/(log)log( 1                (2) 

where eq  and tq
 are the amounts of anions adsorbed per unit mass of the adsorbent materials (mg∙g-1) 

at equilibrium time and time t, respectively, while k1 is the pseudo-first order rate constant (min-1).   
The integral form of the pseudo-second-order model is given by the following equation [50]; 

t
qqkq

t

t 2
2
22

11
                                   (3) 

where 2q is the maximum adsorption capacity (mg∙g-1); 2k is the rate constant of the pseudo-second  

order equation (g∙mg-1∙min-1); tq  is the amount of anion adsorbed per unit mass of the adsorbent      

(mg∙g-1).  

The experimental data were fitted to both the first- and second-order adsorption models. Kinetic 

parameters were calculated from the straight line plots of the first- and second-order equations. The 

kinetic constants and correlation coefficients of the pseudo-first-order and the pseudo-second-order 

models are given in Table 1.  Although, calculated qe values for the pseudo-first-order models are 

closer to the experimental qe values, the pseudo-second-order rate model has produced higher 

correlation coefficients (R2≈0.99) compared to the correlation coefficient (R2≈0.85-0.99) of the 

pseudo-first-order rate model. All the linear correlations coefficients of the second-order model were 

found to be statistically significant, as it is evident from the R2 values, indicating the applicability of 

this kinetic equation to the adsorption of both phosphate and nitrate anions. The pseudo-second-order 

rate constants values calculated for BW were found to be higher than that of heat treated BW for 

nitrate ion. The results show that the heat treatment enhances the adsorption rate by increasing both 

the amount of nitrate and phosphate adsorbed per unit mass of the adsorbent at equilibrium time. This 

enhancement may possibly be attributed to the removal of the water and hydroxyl groups from 

adsorbent during heat treatment resulting in the opening of the pores and increased BET surface area 

of the BW. 

[Insert Table 1] 
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Previous studies on the kinetic behaviors of microporous sorbents showed that intraparticle surface 

diffusion may be important to the adsorption process [41, 42]. It is well known that adsorption is a 

multi-step process in which adsorbate species are most probably transported from the bulk of the 

solution to the solid phase through an intra particle/transport process.  In this study, the possibility of 

the intra-particle diffusion rate affecting adsorption was also examined using the intra-particle 

diffusion model as [51].  

Ctkq pt                                                                                                                                      (4) 

where qt is the amount of anions adsorbed at time t; C is the intercept and kp is the intra-particle 

diffusion rate constant (mg∙g-1min-0.5).The kp values for both nitrate and phosphate adsorption on BW 

and BW400 were estimated by linear regression analysis and found in the range of 1.68 and 3.71. It 

was found from the plots of qt versus t1/2 that the plots show multi-linearity for two anions implying 

existence of more than one kinetic stage in adsorption process.  The estimated values of kp were found 

higher for heat treated BW than the original material. The results show that heat treatment has positive 

contribution to the intra-particle diffusion rate. As seen in Table 1 the intercept values for original BW 

are lower than that of the BW400. This may be attributed to the decreased boundary layer effect and 

higher BET surface area of the heat treated BW. 

 

3.1.5. Adsorption isotherms 

In order to optimize the design of the adsorption system for the removal of phosphate and nitrate 

ions from the solution, it is important to establish a correlation for the equilibrium curves obtained 

from the experimental studies. Therefore, Langmuir and Freundlich isotherm models were used. The 

Langmuir isotherm [52] takes the form: 

eL

eL
e CK

CKq
q




1
max                                                                                                                               (5)                      

where eq  is the adsorbed amount of solute in mg∙g-1, Ce is the equilibrium concentration of the liquid 

solution (mg∙L-1), maxq  is the monolayer capacity of the adsorbent (mg∙g-1) and KL is the Langmuir 

constant related to the free energy of adsorption. The values of the parameters were evaluated from the 

linear plot of 1/qe versus 1/Ce. The Freundlich adsorption isotherm [53] is expressed as: 

n
eFe CKq /1                                                                                                                                    (6) 

where KF and n  are the Freundlich constants related to adsorption capacity and intensity, respectively, 

The values of constants were obtained from the linear plot of log qe and log Ce. Values of the constants 

of the two models along with the regression coefficients (R2) are listed in Table 2. The results indicate 

that both adsorption models fit the experimental data well.  However, the Langmuir equation gives a 



8 
 

relatively better representation compared with Freundlich model. Fig.7 shows Langmuir isotherm for 

adsorption of anions on BW and BW400. As seen from the plot and Table 2, adsorption properties of 

BW were enhanced by heat treatment. Comparison of the maximum adsorption anion uptake capacity 

of BW400 with the other adsorbents as reported in literature is given in Table 3. The BW400 prepared 

in this study can be considered as the alternative materials for nitrate and phosphate removal in 

aqueous solution. 

[Insert Fig.7] 
 

[Insert Table 2] 
 

[Insert Table 3] 
 

The equilibrium data were also subjected to the Dubinin-Raduskovich adsorption isotherm model (D–

R isotherm) [54] to determine the nature of sorption process as physical or chemical adsorption. The 

non-linear form of the isotherm equation is given as: 

)exp(]))
1

1ln([exp( 22 kQ
C

RTkQq m
e

me                                                                        (7) 

where qm is the maximum amount of the ion that can be sorbed onto unit weight of sorbent (mg∙g-1), ε 

is the Polanyi potential, which is equal to RT ln(1+1/Ce), where R and T are the universal gas constant 

(kJ mol−1 K−1) and the absolute temperature (β), respectively. β is related to the mean free energy of 

sorption per mole (E) of the anion transferred to the surface of the adsorbed from the solution when it 

is transferred to the surface of the solid from the solution and E can be formulated as: 

1

2
E


                                                                                                                                          (8) 

The Dubinin–Radushkevich isotherm parameters are shown in Table 2. The E values obtained in this 

study are greater than 8 kJ mol−1, indicating possibility of ion-exchange mechanism. Consequently, the 

results showed that Langmuir isotherm model is better fit than Freundlich, and D–R isotherm models 

tested with respect to the correlation coefficients, and other parameters determined for these three 

isotherms models.  

 

3.1.6. Thermodynamic studies 

 Thermodynamic parameters shed valuable insight into feasibility and spontaneity nature of the 

adsorption process. Thermodynamic parameters, namely, the standard Gibbs free energy change 

(ΔGθ), standard entropy change (ΔSθ), 	and standard enthalpy change (ΔHθ) were obtained using 

equilibrium constants at different temperatures (25-55 °C). The adsorption equilibrium constant (Kc) is 

expressed as: 
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eq

ad
c C

C
K                                                                                                                                      (9) 

Cad is the amount of ions (mol) adsorbed on the adsorbent per liter (L) of the solution at equilibrium, 

and Ceq is the equilibrium concentration (mg∙L-1) of the anions in the solution. The standard Gibbs 

energy change of the adsorption is given as: 

cKRTG ln                                                                                                                           (10) 

 

Other thermodynamic parameters were determined from the slope and intercept of the linear plot 

(figure not given) in Kc versus 1/T, and using following equation: 

R

S

RT

H
Kc

 



ln                                                                                                                   (11) 

The thermodynamic parameters are given in Table 4. At low temperatures, the negative values of ΔGθ 

indicate spontaneous nature of nitrate and phosphate adsorption on BW and BW400. Increasing 

temperature results in a positive change in ΔGθ values obtained for BW. This result may be attributed 

to the energy gained from the external source at high temperatures. The negative value of the enthalpy 

change indicates that the adsorption is exothermic in nature. The negative values of ΔSθ show 

decreased randomness at the solid/solution interface during the adsorption of anions on the adsorbent 

and some structural changes in the heat treated adsorbent. 

[Insert Table 4] 
 

3.2. Column adsorption studies 

3.2.1 Effect of flow rate 

Fig.8 shows breakthrough curves at three initial flow rates for phosphate/BW400 and 

nitrate/BW400 at a fixed-bed height of 12 cm and initial concentration of 100 mg∙L-1. The shape of the 

breakthrough curves indicates the internal resistance within the column and the relative effects of mass 

transfer parameters throughout the operating condition. It was observed that the breakthrough curve of 

lower flow rate rises steeply near exhaustion point indicating a larger mass transfer zone and a longer 

service time for the column. The breakthrough curves for both anions were sharper for higher flow 

rates. This was likely due to the facts that anions do not have enough time to contact with surface sites 

a high rate of loading, which results in a lower adsorption capacity. Based on the breakthrough curves, 

at 0.5 mL·min-1 loading rate more efficient anion uptake occurred than other loading rates tested for 

both anions (Table 5). Results also indicated that the shape of breakthrough curves (Figures not given) 

for nitrate/BW and phosphate/BW showed a similar trend as those of phosphate/BW400 and 

nitrate/BW400 systems. However, adsorption capacities of BW400 for both anions were found to be 

higher than those of BW at all loading rates (Table 5). 

[Insert Fig.8] 
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Thomas model was used to predict the dynamic behavior of column performance. The linearized 

form of this model can be described by the following expression [55], 

tCK
Q

wqK

C

C
Th

Th

t
0

00 )1ln(                                                                                                    (12) 

where kTh (mL ∙min-1 ∙mg-1) is the Thomas model constant; qo (mg ∙g-1) is the equilibrium anion 

adsorbed per g of the adsorbent; Co (mg∙L-1) is the anion concentration; Ct (mg∙L-1) is the outlet 

concentration at time t; w (g) the mass of adsorbent, and Q (mL∙min-1) the flow rate. The plots of 

ln[Co/Ct) - 1] versus time (t) give a straight line of slope (kTh) and intercept (qo) (Figure not shown).  

The relative constants and coefficients were obtained using linear regression analysis according 

to Eq. (12) and the results are presented in Table 5. It can be seen that the kTh values decreases with 

increasing initial influent concentration. It can be attributed to the higher driving force for mass 

transfer.  Correlation coefficient values, R2, theoretical and experimental qexp values given in Table 5 

are in a good accordance with each other. Therefore, the adsorption process was fit well by the 

Thomas model. 

[Insert Table 5] 
 

3.2.2. Effect of bed height 

Fig. 9 shows the breakthrough curves of different bed depths at a constant flow rate of 0.5 ml∙ 

min-1. It is clear that breakthrough time (tb) and exhaustion time (te) increased with increasing bed 

depth while the shape and gradient of the breakthrough curves were slightly different with the variable 

bed depths. The slope of breakthrough curves decreased with increasing bed depth, which resulted in a 

broadened mass transfer zone. The sorption data were evaluated and presented in Table 6. As seen 

from the Table, column adsorption capacity increased with increasing bed depth. These results can be 

attributed to the existence of greater number of binding sites, a higher contact time for adsorption and 

other processes contributing to anion removal to take place in the column. The column adsorption 

capacity for nitrate was higher than that for phosphate at all bed heights. The results indicate that the 

column uptake values obtained for nitrate and phosphate were in agreement with the batch 

experimental data. 

[Insert Fig.9] 
 

[Insert Table 6] 
 

 

3.2.3. Effect of initial anion concentration 

Fig. 10 shows the breakthrough curves for various initial solute concentrations of nitrate and 

phosphate at a flow rate of 50 ml∙min-1 and bed height of 12 cm. It is illustrated that the adsorption 

process reached saturation faster and the breakthrough time (tb) decreased with increasing initial anion 
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concentration (Table 7). The maximum adsorption capacity of BW400 was 90.43 mg∙g-1and 94.08 

mg∙g-1 at 100 mg∙L-1 initial anion concentration for phosphate and nitrate anions, respectively. With 

increased initial concentration of anions from 100 to 200 mg∙L-1, the uptake of phosphate and nitrate 

adsorbed were found to increase to 107.19 mg∙g-1and 122.36 mg∙g-1, respectively. This result may be 

attributed to the variation in column resistance and adsorption driving force. Higher initial influent 

concentration led to higher driving force for mass transfer and smaller mass transfer zone. The same 

trend was also observed for nitrate/BW and phosphate/BW systems (Figures not given) 

[Insert Fig.10] 
 

[Insert Table 7] 
 

4. Conclusions 

This study investigated the adsorption characteristics and suitability of BW and heat treated BW 

as potential adsorbents for the removal of phosphate and nitrate from aqueous solutions using lab-scale 

fixed bed column and batch techniques. The results showed that both BW and heat treated BW could 

be used as potential sorbents for the removal of phosphate and nitrate ions from aqueous solution. The 

batch study parameters, pH of solution, initial solution concentration, contact time, and temperature 

were found to be effective on the adsorption processes. The kinetic studies revealed that the adsorption 

process followed the pseudo-second-order kinetic model. The Langmuir isotherm provides a better 

fitting to isotherm than Freundlich and D-R isotherms. The maximum adsorption capacity of 

phosphate and nitrate was 52.5 and 63.2 mg∙g-1 at optimum pH 3.0, respectively. Heat treatment of 

BW increased surface area thus significantly improved the adsorption capacity. For both nitrate and 

phosphate anions, the adsorption was shown to be negatively affected by the increasing solution 

temperature. The calculated thermodynamic parameters showed the feasibility, exothermic and 

spontaneous nature of the adsorption of phosphate and nitrate ions onto BW and BW400. Column 

studies showed that the adsorption capacity of both adsorbents was increased with increasing bed 

depth and initial influent concentration and decreased with increasing flow rate. The continuous fixed-

bed column significantly increased overall removal efficiency of phosphate and nitrate ions from 

aqueous solution when compared to batch experiments. 
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Table captions 

Table 1. Comparison of kinetic parameters for the adsorption of phosphate and nitrate  

onto BW and BW400 

Table 2. Isotherm parameters of phosphate and nitrate adsorption on BW and BW400. 

Table 3 Comparison adsorption capacity of the BW400 with other adsorbents.  

Table 4.Thermodynamic Parameters of the phosphate and nitrate  adsorption on BW and 

BW400. 

Table.5 Column parameters for the effect of flow rate on the adsorption of phosphate and 

nitrate onto BW and BW400. 

Table 6.  Column parameters for the effect of bed height on the adsorption of phosphate 

and nitrate onto BW and BW400. 

Table 7. Column parameters for the effect of initial ion concentration on the adsorption of 

phosphate and nitrate onto BW and BW400. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



17 
 

 

 

 

 

 

Figure captions 

Fig. 1. Effect of pH values on phosphate and nitrate adsorption on BW and BW400. 

Fig. 2. Variation of zeta potential of BW and BW400 with pH value. 

Fig. 3  Variation of BET surface area of BW with heat temperature. 

Fig. 4  Effect of heat treatment on the adsorption capacity of BW. 

Fig. 5 Effects of contact time and temperature on the adsorption of nitrate onto BW400. 

Fig. 6 Effects of contact time and temperature on the adsorption of phosphate onto 

BW400. 

Fig. 7 Langmuir isotherm model for phosphate and nitrate removal from aqueous solution 

on BW and BW400. 

Fig. 8a  Effect of flow rate for the adsorption of nitrate onto BW400. 

Fig. 8b  Effect of flow rate for the adsorption of phosphate onto BW400. 

Fig. 9a  Effect of bed height for the adsorption of nitrate onto BW400. 

Fig. 9b  Effect of bed height for the adsorption of phosphate onto BW400. 

      Fig. 10a  Effect of inlet concentration for the adsorption of nitrate onto BW400. 

      Fig. 10b  Effect of inlet concentration for the adsorption of phosphate onto BW400. 

 

 

 



Table 1. Comparison of kinetic parameters for the adsorption of phosphate and nitrate  onto BW and BW400 
 
Adsorbent  T (K) Pseudo-first-order kinetic model  Pseudo-second-order kinetic model  Intraparticle diffusion model 

   q1  (mg/g) k1 (min-1) R2  q2 (mg/g) k2 (g/mg min) R2  kp (mg/g min1/2) C (mg/g)     R2 

              

   
   

   
   

   
   

   
   

   
   

   
 B

W
 

Phosphate 

298 28.20 4.85×10-2 0.875  31.25 2.63×10-3 0.999  1.68 11.73 0.929 

308 26.07 4.32×10-2 0.911  30.77 2.31×10-3 0.997  1.72 10.41 0.956 

318 26.59 4.30×10-2 0.961  30.30 1.96×10-3 0.997  1.85 8.08 0.947 

328 23.72 3.64×10-2 0.967  29.67 1.67×10-3 0.998  1.94 6.03 0.950 

             

Nitrate 

298 48.43 3.32×10-2 0.932  57.14 5.51×10-4 0.998  4.02 4.23 0.966 

308 40.09 2.99×10-2 0.989  52.63 5.85×10-4 0.999  3.71 3.57 0.964 

318 31.47 3.73×10-2 0.991  38.46 1.14×10-3 0.999  2.62 6.14 0.937 

328 28.96 4.26×10-2 0.990  33.78 1.51×10-3 0.997  2.26 6.67 0.905 

              

    
   

   
   

   
   

   
   

B
W

40
0 

Phosphate 

298 52.57 6.51×10-2 0.854  57.14 2.16×10-3 0.998  2.86 27.19 0.959 

308 52.50 6.20×10-2 0.921  56.82 1.79×10-3 0.999  3.22 22.81 0.957 

318 54.95 6.49×10-2 0.932  55.25 1.73×10-3 0.999  3.37 20.10 0.917 

328 57.25 6.42×10-2 0.920  53.76 1.50×10-3 0.999  3.51 16.55 0.925 

             

Nitrate 

298 52.54 4.42×10-2 0.928  69.93 1.29×10-3 0.999  3.62 28.25 0.926 

308 52.10 4.63×10-2 0.968  66.67 1.26×10-3 0.999  3.64 24.84 0.914 

318 49.31 5.37×10-2 0.979  60.98 1.58×10-3 0.998  3.25 24.50 0.875 

328 50.73 4.95×10-2 0.968  58.82 1.42×10-3 0.999  3.28 21.51 0.901 



 

Table 2. Isotherm parameters of phosphate and nitrate adsorption on BW and BW400. 

                  Langmuir isotherm       Freundlich isotherm  D-R isotherm 

Adsorbent   qmax (mol/g) KL (L/mol) R2  KF  (mol/g) 1/n R2  qmax  (mol/g) β (mol2/J2) R2 E (kJ/mol) 

               

BW 
Phosphate  3.49×10-4 1.06×104 0.998  6.43×10-5 0.40 0.938  1.16×10-3 3.76×10-9 0.959 11.53 

Nitrate  7.88×10-4 8.18×103 0.998  1.25×10-4 0.46 0.974  2.84×10-3 4.33×10-9 0.988 10.75 

               

BW400 
Phosphate  6.12×10-4 2.36×104 0.998  1.26×10-4 0.55 0.989  4.34×10-3 4.42×10-9 0.995 10.64 

Nitrate  1.01×10-3 5.61×104 0.999  3.86×10-4 0.36 0.916  3.60×10-3 2.95×10-9 0.947 13.02 

 

 

 

 

 

 

 

 

 



Table 3 Comparison of  phosphate and nitrate ions adsorption on various adsorbents 

Adsorbent  Phosphate  (mg g-1) Nitrate (mg g-1) Reference 
This study (batch studies) 52.51 63.16   
This study (Column studies) 107.19 122.36  
Activated alumina 53.7 - [29] 
Corn stalk based resin 40.48 - [33] 
Wheat straw 45.7 52.8 [31] 
Modified zeolite 24.6 45.6 [23] 
Amberlite IRA 400 - 65.36 [24] 
Lanthanum-doped activated 
carbon fiber (ACF-La). 

9.41 - [11] 

Cross-linking with 
epichlorohydrin (ECH) 

- 104.0 [13] 

 

 

 

 

 

 

 

 

 

 



                                          Table.4 Thermodynamic Parameters of the phosphate and nitrate  adsorption on BW and BW400. 

 

Adsorbent  ΔGo (kj/mol) 
ΔHo(kJ/mol) ΔSo(J/mol K) R2 

  298 K 308 K 318 K 328 K 

BW 
Phosphate -0.62 -0.57 -0.19 0.07 -7.86 -24.07 0.935 

Nitrate -1.24 -0.54  0.62 1.11 -25.77 -82.29 0.979 

         

BW400 
Phosphate -4.77 -4.39 -3.97 -3.45 -17.81 -43.68 0.997 

Nitrate -5.51 -4.38 -3.40 -3.02 -30.82 -89.18 0.972 

 



Table.5 Column parameters for the effect of flow rate on the adsorption of phosphate and nitrate 

onto BW and BW400. 

Adsorbent  
Flow rate 

(mL/min) 

   qe 

(mg/g) 

tb 

(h) 

te 

 (h)   

Thomas model 

    kTh×103          qo                 R
2 

    (L/mg h)       (mg/g) 

   
   

   
   

   
   

   
 B

W
 

 0.5 85.30 15.8 68.4     3.78       87.15        0.994 

Phosphate 1.0 79.10 9.6 52.4     3.95       80.43        0.985 

 1.5 75.03 3.4 39.6     4.22       74.20        0.987 

        

 0.5 89.64 20.4 73.6     2.10       90.68        0.985 

Nitrate 1.0 82.21 10.9 65.3     3.42       85.79        0.986 

 1.5 78.47 4.6 54.5     4.15       78.02        0.978 

         

  0.5 90.43 22.3 75.4     3.34      88.19        0.940 

   
   

   
   

   
   

B
W

40
0 

Phosphate 1.0 86.70 16.3 70.2     3.69      84.95        0.989 

 1.5 81.06 9.2 51.4     3.93      79.03        0.980 

        

 0.5 94.08 25.3 82.1      1.85      96.19        0.985 

Nitrate 1.0 89.65 13.4 75.5      3.39      88.30        0.964 

 1.5 85.42 7.3 60.2      3.77      83.11        0.982 

 

 

 

 

 

 

 

 

 

 

 



 

 

Table 6.  Column parameters for the effect of bed height on the adsorption of phosphate and nitrate 

onto BW and BW400. 

Adsorbent  
Bed 
height 
(cm) 

    qe 

(mg/g) 

  tb 

(h) 

  te  

(h)   

Thomas Model 

    kTh×103            qo                 R2 

    (L/mg h)      (mg/g) 

   
   

   
   

   
   

   
  B

W
 

 6 71.09 2.6 30.3     6.03       69.86        0.961 

Phosphate 9 79.62 6.5 47.4     5.41       80.03        0.982 

 12 85.30 15.8 68.4     3.78       87.15        0.994 

        

 6 73.81 4.6 46.4     5.94       70.57        0.968 

Nitrate 9 81.76 7.2 61.2     4.02       82.20        0.983 

 12 89.64 20.4 73.6     2.10       90.68        0.985 

         

  6 77.42 3.4 43.1     5.69      79.04        0.952 

   
   

   
   

   
   

 B
W

40
0 

Phosphate 9 83.79 14.4 62.3     4.26      82.71        0.937 

 12 90.43 22.3 75.4     3.34      88.19        0.940 

        

 6 79.94 8.5 59.3 4.57      82.21        0.989 

Nitrate 9 87.16 14.5 73.3 3.02      85.95        0.975 

 12 94.08 25.3 82.1 1.85      96.19        0.985 

 

 

 

 

 

 

 

 

 



 

Table 7 Column parameters for the effect of initial ion concentration on the adsorption of 

phosphate and nitrate onto BW and BW400. 

Adsorbent  
  Co  

(mg/L) 

    qe 

(mg/g) 

  tb 

(h) 

  te  

(h)   

Thomas Model 

    kTh×103         qo                      R
2 

  (L/mg h)     (mg/g) 

   
   

   
   

   
   

   
 B

W
 

 100 85.30 15.8 68.4      3.78     87.15    0.994 

Phosphate 150 89.29 6.4 46.5      2.69     92.20    0.977 

 200 96.13 4.5 41.2           2.05     94.81    0.969 

        

 100 89.64 20.4 73.6      2.10     90.68    0.985 

Nitrate 150 95.06 10.2 67.3      1.92     96.33    0.969 

 200 102.35 6.5 61.1      1.35     105.21    0.960 

         

  100 90.43 22.3 75.4      3.34     88.19    0.940 

   
   

   
   

   
  B

W
40

0 

Phosphate 150 96.02 10.4 66.7      2.41     99.21    0.979 

 200 107.19 7.3 46.8      1.27     108.35    0.953 

        

 100 94.08 25.3 82.1      1.85     96.19    0.985 

Nitrate 150 109.73 13.4 79.3      1.16     106.03    0.978 

 200 122.36 8.5 67.8      1.03     123.38    0.941 
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Fig.1 Effect of pH on phosphate and nitrate adsorption on BW and BW400. 

 

 



 

 

Fig.2 Variation of zeta potential of BW and BW400 with pH. 

 

 

 

 



 

 

Fig.3 Variation of BET surface area of BW with heat temperature. 

 

 

 



 

Fig.4 Effect of heat treatment on the adsorption capacity of BW. 

 

 

 

 



 

Fig.5 Effect of contact time and temperature on the adsorption of nitrate onto BW400. 

 

 

 



 

Fig.6 Effect of contact time and temperature on the adsorption of phosphate onto BW400. 

 

 

 

 



 

Fig.7 Langmuir isotherm model for phosphate and nitrate removal from aqueous solution 

on BW and BW400. 
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Fig.8 Effect of flow rate for the adsorption of nitrate (A) and phosphate (B) onto BW400. 

 

 

 

 

 



 

 
(A) 

 
(B) 

Fig.9 Effect of bed height for the adsorption of nitrate (A) and phosphate (B) onto BW400. 

 

 

 



 
(A) 

 
(B) 

Fig.10 Effect of inlet concentration for the adsorption of nitrate (A) and phosphate (B) onto 

BW400. 
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