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Graphene was prepared by a facile liquid phase exfoliation and characterized by Raman

spectroscopy, Fourier transform infrared spectroscopy, powder X-ray diffraction, scanning electron

microscopy and zeta potential measurements. A systematic study of the adsorption process was

performed by varying pH, ionic strength and temperature. The experimental results showed that

graphene is an excellent phosphate adsorbent with an adsorption capacity of up to 89.37 mg g21 at an

initial phosphate concentration of 100 mg L21 and temperature of 303 K. The adsorption kinetics was

modeled by first and second order rate, Elovich and Weber and Morris intraparticle diffusion models.

The rate constants for all of these kinetic models were calculated and the results indicate that the

second order kinetics model was well-suited to model the kinetic adsorption of phosphate. The

Langmuir, Freundlich and D–R isotherm models were applied to describe the equilibrium isotherms

and the isotherm constants were determined. Equilibrium data were well-described by the typical

Langmuir adsorption isotherm. Thermodynamic studies revealed that the adsorption reaction was a

spontaneous and endothermic process.

1. Introduction

Phosphate is found in water streams due to anthropogenic

activities or geochemical processes. It is an essential nutrient

for growth of microorganisms and, thus, the presence of

phosphate anion concentrations exceeding about 2 mM in water

reservoirs are known to stimulate algal growth (eutrophica-

tion), reducing the dissolved oxygen in the aqueous environ-

ment, which not only kills the aquatic life, but also disrupts the

natural food chain and also leads to deterioration of water

quality. Hence, more attention has been devoted toward the

reduction of phosphate levels in water streams as a conse-

quence of severe legislation that has been adopted in many

countries.1,2 According to WHO, the allowable limit of

phosphate in drinking water is 5.0 mg L21 and the RDA

(Recommended Daily Allowance) should not exceed 800 mg3

and the superfluous phosphate should be removed from

drinking water. So, it is imperative and significant to explore

suitable techniques to remove excessive phosphate from water.

The phosphate in water can be removed by many methods viz.,

chemical precipitation, adsorption, biological materials, mem-

brane processes, ion exchange and crystallization.4 The main

disadvantage of chemical precipitation is the generation of

unwanted chemicals and waste disposal issues. The disadvan-

tages of membrane processes are low economic viability, high

maintenance cost, fouling, scaling and membrane degradation.

In a biological treatment plant, it is necessary to transfer

phosphate from the liquid to the sludge phase and the removal

efficiency usually does not exceed 30%, which means that

remaining phosphate should be removed by another techni-

que.5–9 Adsorption is a widely accepted technology for both

organic and inorganic contaminants,10–18 in particular, it is

more effective in reducing phosphate concentrations to a

permissible value than the other methods. Additionally,

adsorption is considered a fast and inexpensive purification

method.19–23 Among all of the adsorbents, carbon is a versatile

adsorbent that is heavily used in the removal of various

pollutants, including heavy metals from aqueous solutions.24–29

Various forms of carbon and their composites have been

investigated to improve the adsorption efficacy.30–32 Graphene,33

the latest member of the carbon family, is believed to be one of

the most interesting materials of this century. Graphene and

its composites offer utility in several applications due to its

unique two-dimensional nature and associated band struc-

ture.34–36 It has drawn much scientific attention since its

discovery due to its unique electronic37–39 and mechanical

properties,39 specific magnetism,40 excellent mobility of charge

carriers41 and high thermal conductivity.42 Most of these

composites were proposed either for catalytic or electronic

applications.43 The most important and widely used applica-

tion of bulk carbon is in environmental remediation.44,45

However, up to now, not much investigation has been carried

on utilizing graphene as an adsorbent to remove phosphate

from aqueous solution.

In this study, the phosphate adsorption properties of graphene

were studied through investigating experimental parameters,

such as pH, concentration and temperature. Adsorption

isotherm, kinetic and thermodynamic parameters were estimated

from the experimental results.
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2. Experimental

2.1. Preparation and characterization of graphene

Graphene was prepared by a facile liquid phase exfoliation of

worm-like graphite as described elsewhere.46 In brief, natural

graphite flakes were dispersed into a mixture (20 : 1 by volume)

of concentrated sulfuric acid (98 wt%) and hydrogen peroxide

(30 wt%). The mixture was stirred for 1 h and washed with

deionized water. The mixture was then dried at 100 uC for 24 h to

obtain graphite intercalation compounds. The graphite inter-

calation compounds were heated at 900 uC for 10 s. The

decomposition of the intercalating acid leads to a dramatic

increase in the dimension perpendicular to the graphite sheets

(worm-like graphite). The worm-like graphite was subjected to a

final exfoliation to obtain a monolayer or a few layers of

graphene sheets by ultrasonication and centrifugation of a

1-methyl-2-pyrrolidinone (NMP) suspension (0.1 mg mL21) of

the sample. The top half of the dispersion was heated at 200 uC
to remove NMP for further use.

The morphology and structure of graphene was characterized

by SEM (Hitachi model s-3000 h, Japan). The FTIR spectrum of

graphene was recorded with a FTIR spectrometer (Nexus 670,

USA). Raman spectroscopy was performed with a Renishaw

InVia Laser Raman Microscope. The X-ray diffraction (XRD)

pattern of graphene was analyzed using an X9per PRO X-ray

diffractometer (PANalytical, USA). The thickness of graphene

was conducted with tapping mode atom force microscopy

(AFM, SPA-400 SPM unit from Seiko, Japan).

2.2. Reagents and measurements

Sodium phosphate (NaH2PO4) (Analar Reagent) was dissolved

in distilled water for the required concentration (25–125 mg L21)

and used for further experiment. The pH of the solution was

adjusted to a desired value using appropriate concentrations of

HNO3 or NaOH solutions. Phosphate was measured using an

Ion Chromatograph (Metrohm AG, Herisau, Switzerland)

equipped with a Dual 3 column (250 mm 6 4 mm), a RP guard

column and a conductivity detector. NaOH (5 mM) served as the

eluent and sulfuric acid (2.0 mM) as the regenerant in the

chromatogram analysis. All chemicals were purchased in

analytical purity and used in the experiments directly without

any further purification. All solutions were prepared using Milli-

Q water.

2.3. Batch mode adsorption experiment

Batch adsorption experiments were performed using 100 mL

glass bottles with addition of 0.05 g of graphene and 75 mL of

phosphate solution of concentration from 25–125 mg L21. The

glass bottles were sealed with Teflon and then were placed on a

shaker. The adsorption experiments were carried out at 180 rpm

for 12 h (25 uC). The temperature of the solution was controlled

to the desired value with a variation of ¡2 K by adjusting the

rate of flow of thermostatically controlled water through an

external glass-cooling spiral. All of the experiments were

repeated three times for reproducibility and the accuracy of the

results are ¡1%. Zeta potential of graphene was measured by a

Malvern zetameter (Zetasizer 2000).

3. Result and discussion

3.1. Characterizations of graphene

The Raman spectrum of graphene is shown in Fig. 1. Raman

spectroscopy is a fast, non-destructive and unambiguous

technique to study carbonaceous materials. The Raman spec-

trum of graphene is very sensitive to the number of atomic layers

and the presence of disorder or defects, which allows for accurate

graphene characterization.47

The clear band at around 1583 cm21 is generally assigned as

the G band. The G band is associated with the vibration of sp2

carbon atoms in a graphitic 2D hexagonal lattice. The single and

sharp 2D peak appears at 2688 cm21. The higher intensity of the

2D peak than the G peak indicates that the sample prepared

by this method is graphene. The weak and broad 2D peak at

2688 cm21 is indication of disorder due to an out of plane

vibration mode. Both of the G and 2D peaks are similar to the

results from previous papers.48,49

XRD measurements were employed to investigate the phase

and structure of the synthesized samples. As shown in Fig. 2, the

diffraction peak at 2h = 26.2u, corresponding to the normal

graphite spacing (002) of the graphite plane, disappeared in the

synthesized graphene in the oxidation process. The broad and

relatively weak diffraction peak at 2h = 10.03u corresponding to

the typical diffraction peak of graphene is attributed to the (002)

plane.

Fig. 3 shows the FT-IR spectrum of graphene. The bands at

1432 cm21 and 1111 cm21 can be attributed to the appearance of

CH2 and C–N groups, which are possibly introduced on the

surface of graphene by 1-methyl-2-pyrrolidinone treatment. The

band at 1640 cm21 can be attributed to stretching mode of amide

type CLO bond introduced by sulfuric acid and hydrogen

peroxide (oxidation reagent). The bands at 2925 cm21 and

2363 cm21 are associated with the stretching of CH2 and CH3

groups from the organic solvent of 1-methyl-2-pyrrolidinone.

The band at wave number of 3435 cm21 is indicative of the

appearance of the stretching of A–OH.

Fig. 4 shows the SEM images of the synthesized graphene. The

SEM image shows that the graphene partially transparent with

dimensions ranging from ten or more micrometers. The image

Fig. 1 The Raman spectrum of graphene.
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also suggests some layered graphene shape, although the SEM

image does not deduce the layer numbers of the synthesized

graphene exactly. It can be seen from the AFM image (image not

shown) that the thickness of graphene is about 2.98 nm.

Point of Zero Charge (PZC) was determined for prepared

graphene; the results show that the PZC is 5.1 (figure not

shown). PZC can be used to explain the effect of pH on ions

adsorption. When pH = PZC, the surface charge of adsorbents is

neutral; it is negligible of the electrostatic force between ions and

surface of adsorbents. When pH . or , PZC, this balance is

broken. When pH , PZC, the surface charge of adsorbents is

positive, so adsorbents have a positive surface. There is an

electrostatic repulsion between ions and this positive surface,

which results in low sorption. When pH . PZC, the surface

charge of adsorbents is negative, the surface of adsorbents is

negative too, so metal ions in solution are attracted to this

surface.

3.2. Effect of pH

Electrolyte pH is one of the most important parameters

controlling the ion sorption process. To examine this effect, a

series of experiments were carried out using 100 mg L21

phosphate containing solutions, with an initial pH varying in

the range 2–12 and the results are presented in Fig. 5. The

optimum phosphate adsorption was observed at pH range 6.0–

8.0. As the pH increased beyond 8, the adsorption of phosphate

by graphene was decreased. The low adsorption of phosphate at

higher pH might be due to the electrostatic repulsion of

phosphate by the negatively charged graphene surface at high

pH. The adsorption capacity increases with pH in the acidic

range and reaches the maximum removal efficiency of 99.1% at

pH 7.0.

Anionic contaminants are proposed to be adsorbed on

adsorbents through specific and/or non-specific adsorption.50,51

The specific adsorption involves ligand exchange reactions

(where the anions displace OH groups from the surface).50 The

non-specific adsorption involves the coulombic forces (mainly

Fig. 2 The XRD pattern of graphene.

Fig. 3 The FTIR spectrum of graphene.

Fig. 4 A SEM image of graphene.

Fig. 5 The effect of initial pH on phosphate adsorption by graphene.

Conditions: concentration = 100 mg L21.
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depends on the PZC/IEP of the adsorbent).51 The non-specific

adsorption indicates that the phosphate adsorption capacity of

an adsorbent decreases at pH ¢ PZC/IEP due to the neutrally or

negatively charged surface of the adsorbent. However, the

experimental result shows that the best phosphate adsorption

occurs at pH 7.0, which is much higher than the PZC of

graphene (PZC of graphene = 5.1). This means that the

adsorption takes place even though the surface is electrically

negative. The phenomenon suggests that adsorption of phos-

phate by graphene is mainly a specific process.

3.3. Effect of temperature

The effect of temperature for an adsorption of phosphate on

graphene was investigated at four different temperatures (303,

313, 323 and 333 K). Fig. 6 illustrates the variation of phosphate

concentration with time at the four different temperatures. The

figure shows that adsorption rapidly increased in the first 10 min,

after which adsorption slowly approached equilibrium. The

adsorption reached equilibrium within 10 min. It is also found

that the sorption of phosphate increases with an increase in

temperature, indicating that phosphate removal by adsorption to

graphene was favorable at higher temperatures. Since the

sorption capacity of the adsorbent increased with temperature,

it can also be said that the sorption was an endothermic process.

Also with the increase of temperature, the interaction forces

between the solute and the solvent become weaker than those

between solute and adsorbent. As a consequence, the solute is

easier to adsorb. Table 1 reveals the increase in adsorption with

an increase in phosphate concentration at different temperature

at equilibrium time. The adsorption capacity increases from

89.37 to 92.36 mg g21 at a phosphate equilibrium concentration

of 100 mg L21, as the temperature rises from 303 to 343 K.

3.4. Effect of concentration

In order to evaluate the effect of agitation time initial phosphate

concentration, experiments were conducted at varying initial

concentrations from 25–125 mg L21. From Fig. 7, it is clear that

the adsorption of phosphate is increased with an increase

temperature and remains constant after the equilibrium time.

The equilibrium time was 10 min for all of the concentrations

studied (25–125 mg L21).52 The adsorption is rapid in the initial

stages and gradually decreases with the progress of adsorption.

The plots are single, smooth and continuous curves leading to

saturation, suggesting the possible monolayer coverage to nitrate

on the surface of the adsorbent.

3.5. Kinetic modeling

In order to establish the kinetics of phosphate adsorption, the

adsorption kinetics of graphene was investigated using first

order, second order kinetic models, Elovich and intraparticle

diffusion models. In the present investigation, four kinetic

models, namely, pseudo first order, pseudo second order,

Elovich and intraparticle diffusion models were tested to obtain

the rate constants, equilibrium adsorption capacity and adsorp-

tion mechanism at different concentrations.53

3.5.1. First order Lagergren model. The first order Lagergren

model is generally expressed as follows:54

dqt/dt = k1(qe 2 qt), (1)

Fig. 6 The effect of time on the amount of phosphate adsorbed (qe) at

various temperatures. Conditions: concentration = 100 mg L21; pH =

7.0.

Table 1 Amount of phosphate adsorbed for various phosphate
concentrations at different temperatures at equilibrium time and pH 7

Concentration (mg L21)
Amount of phosphate adsorbed (mg L21)

303 K 313 K 323 K 333 K 343 K

25 21.11 21.77 21.86 22.34 22.67
50 46.78 46.96 47.61 47.93 48.34
75 68.67 68.73 68.99 69.91 71.32

100 89.37 89.58 90.66 91.67 92.36
125 116.3 116.8 117.9 119.8 121.6

Fig. 7 The effect of agitation time and initial concentration of

phosphate for the adsorption of phosphate on graphene. Conditions:

concentration = 100 mg L21; pH = 7.0.
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where qe and qt are the adsorption capacities at equilibrium and at

time t (min) respectively, and k1(min21) is a rate constant of first

order adsorption. The integrated form of the above equation with

the boundary conditions t = 0 to . 0 (q = 0 to . 0) is rearranged to

obtain the following time dependence function:

log(qe 2 qt) = log(qe) 2 k1t/2.303. (2)

The experimental data were analyzed initially with the first

order Lagergren model. The plot of log(qe 2 qt) vs. t should give

the linear relationship from which k1 and qe can be determined

by the slope and intercept, respectively (eqn (2)). The computed

results are presented in Table 2. The results show that the

theoretical qe (cal) value doesn’t agree with the experimental qe

(exp) values at all concentrations studied with a poor correlation

co-efficient. So, the experimental data were fitted further with a

second order Lagergren model.

3.5.2. Second order Lagergren model. The Lagregren second

order kinetic model is expressed as55

dqt/dt = k2(qe 2 qt)
2, (3)

where k2 is the rate constant of second order adsorption. The

integrated form of eqn (3)with the boundary condition t = 0 to

. 0 (q = 0 to . 0) is

1/(qe 2 qt) = 1/qe + k2t. (4)

Eqn (4) can be rearranged and linearized as

t/qt = 1/k2qe
2 + t/qe, (5)

where qe and qt are the amount of phosphate adsorbed on

graphene at equilibrium and at time t (min), respectively, and k2

is the rate constant for the second order kinetic model.

The kinetic data were fitted to the second order Lagergren

model (eqn (5)). The equilibrium adsorption capacity, qe(cal) and

k2 were determined from the slope and intercept of plot of t/qt

versus t (Fig. 8) and are compiled in Table 2. The plots were

found to be linear with good correlation coefficients. The

theoretical qe(cal) values agree well with the experimental qe(exp)

values at all current densities studied. This implies that the

second order model is in good agreement with the experimental

data and can be used to favorably explain the phosphate

adsorption on graphene.

3.5.3. Elovich model. The Elovich model equation is generally

expressed as56

dqt/dt = aexp(2bqt). (6)

The simplified form of Elovich (eqn (6)) is

qt = 1/bloge(ab) + 1/b loge(t), (7)

where a is the initial adsorption rate (mg g21 h) and b is the

desorption constant (g mg21). The Elovich model was tested for the

phosphate adsorbed kinetic values. If phosphate adsorption fits the

Elovich model (eqn (7)) a plot of qt vs. loge(t) should yield a linear

relationship with the slope of (1/b) and an intercept of 1/bloge(ab).

Table 3 depicts the results obtained from the Elovich equation. The

lower regression value shows the inapplicability of this model.

3.5.4. Weber and Morris intraparticle diffusion model. The

intraparticle diffusion model is expressed as57

R = kid(t)az (8)

A linearized form of the (eqn (8)) is followed by

logR = logkid + alog(t), (9)

in which ‘a’ depicts the adsorption mechanism and kid may be

taken as the rate factor (percent of phosphate adsorbed per unit

time).

Table 2 A comparison between the experimental and calculated qe values for different temperatures in first and second order adsorption isotherms at
a phosphate concentration of 100 mg L21 and pH 7

Concentration (mg L21) qe (exp)

First order adsorption Second order adsorption

qe (cal) k1 6 104 (min mg21) R2 qe(Cal) k2 6 104 (min mg21) R2

25 21.11 52.93 20.0197 0.9456 21.06 0.0914 0.9999
50 46.78 66.06 20.0164 0.9513 46.51 0.0805 0.9998
75 68.67 93.24 20.0115 0.9554 67.31 0.0735 0.9997

100 89.37 183.6 20.0081 0.9467 88.41 0.0667 0.9995
125 116.3 195.6 20.0073 0.9499 115.4 0.0645 0.9999

Fig. 8 Adsorption kinetics of phosphate adsorption by graphene for the

pseudo-second order model. Conditions: concentration = 100 mg L21;

pH = 7.0.
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The intraparticle diffusion was investigated using the empirical

relationship based on the model of Weber–Morris (eqn (9)). The

plots of qt versus t1/2 should be linear for fitting this model.

Lower and higher values of kid illustrate an enhancement in the

rate of adsorption and better adsorption with improved bonding

between pollutant and the adsorbent particles, respectively. The

results are presented in Table 3.

Tables 2 and 3 depict the computed results obtained from first

order, second order, Elovich and Weber and Morris intraparticle

diffusion. From the tables, it is found that the correlation

coefficient decreases from second order, first order, intraparticle

diffusion to the Elovich model. This indicates that the adsorption

follows the second order model rather than the other models.

Furthermore, the calculated qe values agree well with the

experimental qe values for the second order kinetics model,

concluding that the second order kinetics equation is the best

fitting kinetic model.

3.6. Adsorption isotherms

In this, the widely used Freundlich, Langmuir and D–R isotherm

models are applied to simulate and understand the adsorption

mechanism of phosphate at different temperatures.

3.6.1. Langmuir isotherm. The Langmuir model assumes

monolayer coverage on the adsorbent.58 The linearized form of

the Langmuir adsorption isotherm model is

Ce/qe = 1/qmb + Ce/qm (10)

where, qe is amount adsorbed at equilibrium concentration Ce,

qm is the Langmuir constant representing maximum monolayer

adsorption capacity and b is the Langmuir constant related to

energy of adsorption. The essential characteristics of the

Langmuir isotherm can be expressed as the dimensionless

constant RL:

RL = 1/(1 + bCo), (11)

where RL is the equilibrium constant and it indicates the type of

adsorption, b is the Langmuir constant. Co is various concentra-

tions of phosphate solution. The RL values between 0 and 1

indicate the favorable adsorption. The Langmuir isotherm

constants b and qm were calculated from the slope and intercept

of the plot between 1/qe and 1/Ce (Fig. 9). The Langmuir model

parameters and the statistical fits of the adsorption data to this

equation are given in Table 4. As can be seen in Table 4, the high

regression coefficient confirmed that the Langmuir isotherm best

represented the equilibrium adsorption of phosphate to graphene

at different temperatures. The excellent fit of the Langmuir

isotherm to the experimental data at all temperatures studied

confirmed that the adsorption is monolayer; adsorption of each

molecule had equal activation energy and that sorbate–sorbate

interaction was negligible. In addition, qm decreased with an

increase in temperature. The Langmuir constant (b) also

increased with an increase in temperature. Seen overall, the

information thus obtained specifies an endothermic nature of the

existing process. The monolayer adsorption capacity of graphene

for phosphate as obtained from the Langmuir isotherm at 303 K

was found to be 13.21 mg g21.

3.6.2. Freundlich isotherm. The Freundlich model is an

empirical model allowing for multilayer adsorption on adsor-

bent.59 The linearized in logarithmic form and the Freundlich

constants can be expressed as

logqe = logkf + nlogCe, (2)

where kf is the Freundlich constant related to adsorption

capacity, n is the energy or intensity of adsorption and Ce is

the equilibrium concentration of phosphate (mg L21). The values

of kf and 1/n obtained from the intercept and slope of the plot

of logqe versus logCe , along with the error functions at all

temperatures, are shown in Table 4. The values of 1/n were less

than unity, suggesting that phosphate was adsorbed favorably by

graphene at all temperatures studied. The increase in Freundlich

constants with an increase of temperature confirmed that

adsorption was favorable at high temperatures and the process

Table 3 Elovich model and intraparticle diffusion for different temperatures and pH 7

Concentration (mg L21)
Elovich model Intraparticle diffusion

A (mg g21 h21) b (g mg21) R2 kid (l h21) A (%/h) R2

25 7.64 45.61 0.902 30.31 0.112 0.9546
50 4.94 31.33 0.931 28.63 0.141 0.9421
75 1.34 24.67 0.922 27.21 0.176 0.9367

100 0.94 16.37 0.919 23.66 0.264 0.9468
125 0.54 10.31 0.926 20.61 0.299 0.9326

Fig. 9 A Langmuir plot (1/qe vs. 1/Ce) for phosphate adsorption by

graphene at different temperatures. Conditions: pH = 7.0; temperature =

303 K and concentration = 25–125 mg L21.
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was endothermic in nature. However, the values of the error

functions were higher than the Langmuir isotherm values

suggesting that the Freundlich model did not fit the experimental

data.

3.6.3. Dubinin–Radushkevich isotherm. Dubinin–Radushkevich

isotherm assumes that the characteristic sorption curve is related

to the porous structure of the sorbent and apparent energy of

adsorption. This model is given by

qe = qsexp(2Be2) (13)

where e is the Polanyi potential, equal to RTln(1 + 1/Ce), B is

related to the free energy of sorption and qs is the Dubinin–

Radushkevich (D–R) isotherm constant.60 The linearized form is

lnqe = ln qs 2 2BRTln(1 + 1/Ce) (14)

The constant B gives the mean free energy of adsorption per

molecule of the adsorbate when it is transferred from the solid

from infinity in the solution and the relation is given as

E = (1/!2B) (15)

The D–R model, which does not assume a homogeneous

surface or a constant adsorption potential as the Langmuir

model, was also used to test the experimental data. It was applied

to distinguish between physical and chemical adsorption of

phosphate. The plots between lnqe and e2 gave straight lines at all

temperatures (figure not shown). The values of constants qe and

B thus obtained, along with the error functions, are given in

Table 4. The value of the coefficient of determination was much

lower than those of the other two isotherms at all studied

temperatures. Therefore, in all of the cases, the D–R equation

represented the least fit to experimental data than the other

isotherm equations. The constant B gives an idea of the mean

sorption energy, E, which is defined as the free energy transfer of

1 mol of solute from infinity of the surface of the sorbent and can

be calculated using the relationship in eqn (15). The magnitude

of E was higher than 8.0 kJ mol21 for all temperatures studied,

indicating that the adsorption mechanism was chemical ion

exchange.

Table 4 shows that the adsorption of phosphate ions onto

graphene had a high coefficient of determination for the

Langmuir isotherm. The dimensionless constant RL were

calculated from eqn (9). The RL values were found to be

between 0 and 1 for all of the concentrations of phosphate at

various temperatures.

3.7. Thermodynamic parameters

Thermodynamic behavior of adsorption of phosphate on

graphene was evaluated by the thermodynamic parameters viz.,

Gibbs free energy change (DG0), enthalpy (DH0), and entropy

(DS0).61 These parameters were calculated using the following

equations:

lnk2 = lnko 2 E/RT (16)

DG = 2 RTlnKc (17)

lnKc~
DS

R
{

DH

RT
, (18)

where ko is the constant of the equation (g mg21 min21), E is

the energy of activation (J mol21), Kc is the equilibrium

constant, R is the gas constant and T is the temperature in K.

Fig. 10 shows that the rate constants vary with temperature

according to eqn (16). The activation energy (9.457 kJ mol21) is

calculated from slope of the fitted equation. The free energy

change is obtained from eqn (17). The Kc and DG values are

presented in Table 5. From the table, it is found that the

negative value of DG indicates the spontaneous nature of

adsorption. The enthalpy change (DH = 15.67 J mol21) and

entropy change (DS = 20.98 J mol21 K21) were obtained from

the slope and intercept of the van’t Hoff linear plots of lnkc

versus 1/T (Fig. 11) (eqn (18)). A positive value of enthalpy

change (DH) indicates that the adsorption process is endother-

mic in nature and the negative value of change in internal

energy (DG) show the spontaneous adsorption of phosphate on

the adsorbent. Positive values of entropy change show the

Table 4 Constant parameters and correlation co-efficients calculated for different adsorption isotherm models at different temperatures for phosphate
adsorption at 100 mg L21 at pH 7

Isotherm Temperature constants

Langmuir Qo b RL R2

303 13.21 0.169 0.8997 0.9997
313 14.39 0.227 0.9215 0.9998
323 14.52 0.268 0.8446 0.9999
333 16.99 0.279 0.9067 0.9997
343 19.64 0.318 0.9126 0.9996

Freundlich kf n R2

303 3.335 0.996 0.9946
313 3.416 0.997 0.9933
323 3.437 0.996 0.9945
333 3.499 1.011 0.9941
343 3.536 1.124 0.9937

D–R Qs (6 103 mol g21) B (6 103 mol2 K J22) E (KJ/mol) R2

303 2.233 1.423 9.78 0.8954
313 2.264 1.457 10.01 0.8657
323 2.312 1.466 10.56 0.8789
333 2.399 1.478 10.94 0.8577
343 2.402 1.499 11.54 0.8595
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increased randomness of the solution interface during the

adsorption of phosphate on the adsorbent (Table 5).62

Enhancement of the adsorption capacity of coagulant (gra-

phene) at higher temperatures may be attributed to the

enlargement of pore size and/or activation of the adsorbent

surface.

4. Conclusions

The results obtained in this study show that graphene is an

effective adsorbent for adsorption/removal of phosphate from

aqueous solution. The adsorption process follows second order

kinetics, suggesting that the adsorption was a chemical control-

ling process. The adsorption of phosphate preferably fitting the

Langmuir adsorption isotherm suggests monolayer coverage of

adsorbed molecules. Thermodynamic investigations indicated

that the adsorption reaction was a spontaneous, endothermic

and irreversible process.
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