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Abstract The use of coal fly ash for nutrient recovery in wastewater treatment offers a potential

win–win scenario as it simultaneously utilizes and re-channels two wastes – coal fly ash and wastew-

ater. This study investigated the adsorptive recovery of urea from synthetic urine using fly ash.

Equilibrium experiments revealed that 1.5 g ash loading, initial urea concentration of 13.5 g L�1,

urine pH = 6.0, sorption temperature = 30 �C and 150 rpm shaker speed were the optimal process

parameters and maximum adsorption capacity was 410 mg g�1. Proof of concept to the use of syn-

thetic urine was conducted by performing adsorption with real human urine which validated the

experimental findings. Comparative analysis and non–linear optimization of nine isotherm models

through comprehensive error analysis revealed that Flory–Huggins and Redlich–Peterson equations

best described the adsorption. Process thermodynamics suggested that Van der Waal’s and electro-

static interactions occur between urea molecules and the surface of fly ash particles; besides, the

sorption was found to be exothermic, spontaneous and physical in nature. Kinetic studies pointed

toward a pseudo–second–order kinetic fit with contributions from intra–particle diffusion. Further,
d system
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Nomenclature

R2 coefficient of determination

A Temkin equilibrium binding constant (L g�1)
AKC Koble–Corrigan isotherm constant (Ln mg1�n)

g�1)
ARP Redlich–Peterson isotherm constant (mg�1)

B Temkin isotherm constant (J mol�1)
BKC Koble–Corrigan isotherm constant (L mg�1)�n

BRP Redlich–Peterson isotherm constant (L g�1)

C0 amount of urea at t= 0 in the sorbate (mg L�1)
Ce amount of urea at equilibrium in the sorbate

(mg L�1)

Ct amount of urea at any time ‘t’ in the sorbate
(mg L�1)

Di effective diffusivity coefficient
EA activation energy (kJ mol�1)

ErrAR Average Relative Error
ErrCF Composite Fractional Error Function
ErrMPSD Derivative of Marquardt’s Percent Standard Devi-

ation
ErrSA Sum of Absolute Errors
ErrSS Sum of Squares of Errors

Es mean sorption energy (kJ mol�1)
F fraction of urea adsorbed (mg g�1)
g Redlich–Peterson isotherm exponent

h initial rate of urea adsorption
K dimensionless parameter estimated from the Lang-

muir isotherm model constants
K0 Arrhenius factor

k1 first order rate constant (min�1)
k2 second order rate constant (g mg�1 min�1)
Ka Flory–Huggins isotherm constant (L g�1)

Kad Dubinin–Radushkevich isotherm constant
(mol2 kJ�1)

KF Freundlich isotherm constant (mg g�1 (L mg�1)1/n)

kid intra-particle diffusion rate constant (mg g�1

min�0.5)
KL Langmuir isotherm constant (L mg�1)

KS sips isotherm model constant (L g�1)

KT toth isotherm constant (mg g�1)
LoD limit of detection (mg L�1)
LoQ limit of quantitation (mg L�1)
m amount of fly ash per unit volume of urea–free

adsorbate (g)
ND Normalized Deviation
nFH Flory–Huggins isotherm model exponent

nFR Freundlich isotherm adsorption intensity
NSD Normalized Standard Deviation
q, qt amount of urea adsorbed at time t (mg g�1)

q1 urea adsorption at infinite time
qe amount of urea adsorbed at equilibrium (mg g�1)
qe exp, pred experimental and predicted urea uptake at

equilibrium (mg g�1)

qm maximum monolayer urea sorption (mg g�1)
qs Dubinin–Radushkevich theoretical maximum

sorption capacity (mg g�1)

Qs sips theoretical isotherm saturation capacity
(mg g�1)

qt urea adsorption at time t (mg g�1)

Qt toth theoretical isotherm saturation capacity
(mg g�1)

R gas constant (8.314 J mol�1 K�1)

RL Langmuir separation factor
SS surface to volume ratio (cm�1)
t time (min)
T temperature (�C)
V sorbate volume (L)
W, W1, W2, . . .,WN amount of coal fly ash (g)
bL mass transfer coefficient

DC change in initial urea concentration
DT change in sorption temperature
DW change in fly ash dosage

e Polanyi potential
h degree of surface coverage
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the rate of mass transfer was seen to be controlled and limited by film diffusion of urea which fea-

tured stronger than its pore diffusion. To design a multistage batch adsorber, a mathematical model

unique to the sorption system was derived that minimized the total amount of fly ash required for

90% removal of urea from different volumes of influent synthetic urine solutions.

� 2016 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The provisioning of electricity is undoubtedly a prerequisite for

national development as prosperity (measured as per capita GNP) is

strongly correlated with the per capita electricity generation capacity

of a nation (Beér, 2013). In this regard, coal power, historically as well

as in the present times, plays a pivotal role by fueling nearly 41% of the

global electricity supply (World Bank, 2016). Despite the high level of

environmental consciousness in the world today and concerted efforts
et al., Coal fly ash for the recovery of n
, http://dx.doi.org/10.1016/j.arabjc.2016
to decarbonize the global economy by promoting renewable energy

production (Young et al., 2006), it is widely acknowledged that coal–

based power generation will likely be the dominant source for global

electricity generation, at least in the first half of the twenty first century

(Luderer et al., 2012; Beér, 2013). In particular, emerging economies

such as India, China and South Africa where coal accounts for 72.8,

75.4 and 93.7% of the electricity production, respectively, are expected

to continue their reliance on coal power (World Bank, 2016; Wu et al.,

2016).
itrogenous compounds from wastewater: Parametric considerations and system
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Table 1 Chemical composition and physical properties of

coal fly ash.

Component % Dry

weight

Property Value

SiO2 57.6 Moisture (%) 5.50

Al2O3 31.6 pH1:5
a 8.08

Fe2O3 2.88 Bulk density

(g cm�3)

0.82

CaO 0.82 Specific gravity

(g cm�3)

2.45

K2O 1.72 Loss on ignition (%) 0.96

TiO2 2.40 Surface area (m2 g�1) 5.59

Na2O 0.72 Particle size (lm) 74 < /
< 88

MgO 1.05

Loss on

Ignition

1.21

a

pH determined through a 1:5 fly ash:deionized water suspension.
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However, the disposal and/or efficient utilization of coal combus-

tion products and residues, of which the majority is fly ash (500 million

tons per year globally), continues to be an economical problem with

potentially severe environmental consequences if left unresolved

(Ahmaruzzaman, 2010). As Iyer and Scott (2001) remark, despite the

utilization of fly ash in various applications such as cement and brick

manufacturing (Koukouzas et al., 2011), zeolites production (Itskos

et al., 2010), adsorption and soil amendment, the rate of reutilization

is far less than the amount of ash being produced annually. In India,

there has been sustained increase in fly ash utilization from 6.6 mt yr�1

in 1996–97 to 102.5 mt yr�1 in 2014–15; as of 2015, the utilization of

ash stood at 55.7% vis–à–vis an ambitious target of 100% utilization

of fly ash stipulated by the Indian Ministry of Environment and For-

ests and Climate Change (MoEFCC) (Central Electricity Authority,

2015). This increase can be attributed to the shift of the regulatory sta-

tus of coal fly ash from ‘hazardous industrial waste’ to ‘waste material’,

thus making it a saleable ‘useful commodity’ on the market (Dhadse

et al., 2008; Central Electricity Authority, 2015). Although this pro-

gress is encouraging, since coal power generation across India’s 145

thermal plants is expected to grow at a rate of 8–10%, attaining the

MoEFCC’s target of complete utilization of ash in a time–bound

phased manner would be a ‘challenging task’ as ‘utilization of fly ash

is not commensurate with fly ash generation’ (Central Electricity

Authority, 2015; Chattopadhyay, 2015).

The utilization of coal combustion products has been reviewed else-

where and does not require further elaboration here (Iyer and Scott,

2001; Kumar et al., 2007; Wang, 2008; González et al., 2009;

Ahmaruzzaman, 2010; Blissett and Rowson, 2012; Yao et al., 2015).

In another review Jala and Goyal (2006) point toward the agronomic

benefits of applying fly ash as a soil conditioner or amender. Hence, the

focus of the present study was on the potential utilization of fly ash in

the inter–related sectors of agriculture and wastewater treatment

(reclamation). Fly ash has been utilized as an adsorbent for the

removal of polychlorinated biphenyls (Nollet et al., 2003), industrial

dyes (Wang et al., 2005; Jedidi et al., 2009), gaseous organics (Wang

and Wu, 2006; Bandura et al., 2016), heavy metals (Cho et al., 2005;

Itskos et al., 2010; Javadian et al., 2015) and organics such as phenols

(Sarkar and Acharya, 2006), pesticides (Gupta and Ali, 2001), deter-

gents (Bhargava et al., 1974), oxalic acid (Jain et al., 1980) and reme-

diation of oil spills (Bandura et al., 2015). To the best of our

knowledge, fly ash has not been utilized for the ‘recovery’ of nutrients

from wastewater streams such as human urine. At the other end of the

spectrum of the developmental agenda in India lies the persistent and

seemingly insurmountable issue of municipal waste management; the

use of fly ash as an adsorbent for the removal and recovery of nutrients

from wastewater could potentially offer a win–win scenario; it would

allow simultaneous utilization and re–application of two waste

resources – coal fly ash and wastewater.

Hence, in the present study, an initiative was taken to investigate

the potential of coal fly ash toward the recovery of urea from human

urine as urea constitutes 85% of its tot–N (Kirchmann and Pettersson,

1994). The principal aim in the study was to establish the isothermal,

kinetic, and mass transfer mechanisms for the adsorptive separation

of urea from urine solutions mediated by the use of ash. It is acknowl-

edged that the results from the study are of pertinence to N recovery

from source-separated urine and not domestic wastewater per se,

wherein concurrent adsorption of other compounds is likely to occur.

2. Methods and materials

Synthetic urine was prepared according to guidelines of Ciba-
Geigy (1977) and Burns and Finlayson (1980) with modifica-
tions from Pronk et al. (2006) and Ganesapillai et al. (2015)

(Supplementary Information, Table S1(a)). Fresh human urine
was collected from male volunteers (18–22 years) immediately
after excretion and stored in sterile, air–tight containers. The
Please cite this article in press as: Simha, P. et al., Coal fly ash for the recovery of n
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urine was characterized for its components (Table S1(b)) as
described elsewhere (Pillai et al., 2014); the initial urea concen-

tration was 13.5 and 12.7 mg L�1 in synthetic urine and human
urine, respectively. While all experiments were performed
using synthetic urine solutions, as a proof of concept and val-

idation, an additional set of experiments was also carried out
with human urine wherein the sorption system was designed
with identified (optimum) values of the process parameters.

Coal fly ash (ASTM Class F) was obtained from the Ennore
Thermal Power Plant in Chennai, India. The physical and
chemical properties of the fly ash have been summarized in
Table 1. All reagents and chemical used were of analytical

grade and purchased from SD Fine Chemicals, Mumbai,
India.

2.1. Urea adsorption experiments

The effect of process parameters viz., initial urea concentration
in urine (3.375, 6.75, 10.125 and 13.5 g L�1), adsorbent loading

(0.5–2.5 g), solution temperature (30–40 �C), pH (5.6–7.0) and
incubator shaker speed (100–200 rpm) was investigated using
an incubator shaker (Orbitek LT, Scigenics Biotech, India).

Solutions of different urea concentrations were prepared by
diluting the prepared synthetic urine with deionized water;
pH was adjusted using HCl (0.1 M) or NaOH (0.1 M). For
every experimental module involving the effect of a process

parameter, all others were held constant. In each experimental
run, 100 mL synthetic urine of known concentration was
mixed with a fixed quantity of fly ash; pH of the mixture

was adjusted and kept in the incubator shaker at a constant
temperature and shaker speed until the establishment of equi-
librium. At predetermined intervals of time, 5 mL aliquots

were withdrawn, centrifuged (REMI Instruments, AUCI–
5230, India) and filtered through a Ministat filter (0.45 lm;
Sartorius Stedim Biotech GmbH, Germany). Spectrophoto-
metric determination (Shimadzu UV–1601, Japan) of urea

was done by observing change in absorbance (kmax = 430 nm)
(With et al., 1961). The aliquots were returned to the adsorp-
tion system after the spectrophotometric determination. pH

of the adsorbate was adjusted using HCl or NaOH. The
adsorptive urea recovered or urea removed (qe; mg g�1) was
itrogenous compounds from wastewater: Parametric considerations and system
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calculated using Eq. (1); here, C0 and Ct (mg L�1) represent the
amount of urea at t= 0 and at any time ‘t’ in the sorbate, V is
the sorbate volume (L) while W is the amount (g) of fly ash

used in the experimental run.

qe ¼
ðC0 � CtÞ � V

W
ð1Þ

To validate the experimental findings for synthetic urine
solutions, additional experiments were performed using human

urine with an average urea concentration of 12.7 g L�1 and pH
of 6.1. The sorption system was set up by using 100 mL human
urine and 1.5 g ash with the incubator shaker kept at 30 �C and

150 rpm.

2.2. Isotherm, mass transfer and kinetic analysis

To understand the distribution of urea between the sorbate
and the adsorbent (fly ash) as well as to gain insights into
the adsorptive performance of the sorption system, experimen-
tal data were analyzed against several well–known model

equations. With the aim of identifying the best isotherm equa-
tion, we analyzed two parameter models (Langmuir, Fre-
undlich, Dubinin–Radushkevich, Temkin and Flory–

Huggins) in their linearized form and three parameter models
(Redlich–Peterson, Sips, Toth and Koble–Corrigan) through
non–linear optimization (Supplementary Information, Eq.

(s1)–(s9)). In this regard, a review by Foo and Hameed
(2010) is particularly helpful in understanding the various
model equations, their fundamental characteristics and signif-
icance. In Section 2.3, the methodology followed for identify-

ing and selecting the best model equation has been detailed.
Process kinetics was evaluated by using the Lagergen’s ps

eudo–first–order model (Acemioğlu, 2004), Ho and McKay’s

(1999) pseudo–second–order model as well as Weber and
Morris’s (1963) intra–particle diffusion model. Mass transfer
of urea was investigated according to procedure detailed else-

where (McKay et al., 1981; Eq. (2)); the dimensionless param-
eter K was estimated from the Langmuir isotherm model
constants, Ss is the surface to volume ratio (cm�1) and repre-

sents the area available for urea transfer (assuming fly ash par-
ticles to be spherical) and m is the amount of fly ash per unit
volume of urea–free adsorbate.

ln
Ct

C0

� 1

1þmK
¼ ln

mK

1þmK
� 1þmK

mK
� bLSst ð2Þ
2.3. Statistical analysis

Spectrophotometric measurements of urea absorbance were

performed with 10 scans per measurement with a photometric
accuracy of ±0.002 Abs, repeatability of ±0.001 Abs and
noise level of 0.002 Abs. The standard deviation over the

adsorption experiments carried out in triplicate was <5%,
and mean values have been quoted in the illustrations. For
the two parameter linearized isotherm models, coefficient of
determination (R2), Normalized Deviation (ND; Eq. (3)) and

Normalized Standard Deviation (NSD; Eq. (4)) were calcu-
lated to evaluate the goodness of fit.

ND ¼ 100

n

X qe; exp�qe; pred

qe; exp

����
���� ð3Þ
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NSD ¼ 100

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP ðqe; exp�qe; predÞ=qe; expÞ2
n

s
ð4Þ

For error analysis of the three parameter isotherm models,
the procedure detailed by Ho et al. (2002, p.10) was followed.

Five different error functions viz., ErrSS – Sum of Squares of
Errors, ErrCF – Composite Fractional Error Function,
ErrMPSD – Derivative of Marquardt’s Percent Standard Devi-

ation, ErrAR – Average Relative Error and ErrSA – Sum of
Absolute Errors were evaluated (Eq. (5)–(9)) with the model
parameters determined for each function and a ‘sum of nor-

malized error’ was calculated for each parameter set. The
parameter set that yielded the minimum sum of normalized
error was considered optimal. Statistical analysis was per-

formed using Microsoft� Excel 2010/XLSTAT� Pro 11 (v.
7.5, Addinsoft Inc., NY, USA).

ErrSS ¼
Xp
i¼1

qe;exp � qe;pred
� �2

i
ð5Þ

ErrCF ¼
Xp
i¼1

qe;exp � qe;pred
� �2

qe;exp

" #
i

ð6Þ

ErrMPSD ¼
Xp
i¼1

qe;exp � qe;pred
qe;exp

 !2

i

ð7Þ

ErrAR ¼
Xp
i¼1

qe;exp � qe;pred
qe;exp

�����
�����
i

ð8Þ

ErrSA ¼
Xp
i¼1

qe;exp � qe;pred
�� ��

i
ð9Þ
3. Results and discussion

3.1. Effect of fly ash loading and initial concentration

For a fixed amount of the target compound that needs to be

adsorbed, there exists an optimal dosage of the adsorbent that
maximizes its uptake capacity at equilibrium. To identify the
ideal amount of fly ash to be utilized in the sorption system,

a series of experiments were conducted with varied fly ash
loading (0.5–2.5 g) (Fig. 1). It was evident that the urea sorp-
tion was high (>380 mg g�1) at ash loadings 61.5 g which is

possibly due to the availability of sorption sites on the ash sur-
face. When dosage exceeds 1.5 g, the equilibrium adsorption
capacity decreases and this is presumably because the number
of sorption sites is far more than the amount of urea present in

the solution. With increase in ash loading from 0.5 to 2.5 g
causes the removal of urea to also increase from 27 to 91%.
However, the increase in urea recovered is insignificant

(<5%) for ash dosage greater than 1.5 g; hence, 1.5 g ash
loading was considered to be the optimal dosage for urea
recovery from 100 mL of synthetic urine.

Using a fixed adsorbent loading of 1.5 g, the initial urea
concentration in the synthetic urine was varied by dilution
with deionized water to investigate the effect of concentra-

tion on the sorption (Fig. 2). The strong influence of concen-
tration is clearly evident with urea uptake capacity of the ash
itrogenous compounds from wastewater: Parametric considerations and system
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Fig. 2 The adsorption profile of urea investigated at various

initial concentrations of urea with 1.5 g ash loading, 30 �C,
100 rpm and pH= 6.0.
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Fig. 3 Effect of sorption temperature on the uptake of urea by

coal fly ash investigated at [CO(NH₂)₂] = 13.5 g L�1, 1.5 g ash

dosage, 150 rpm and pH = 6.5.
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Fig. 1 Urea recovery from synthetic urine investigated at

various fly ash dosages and [CO(NH₂)₂] = 13.5 g L�1, 30 �C,
125 rpm and pH= 6.5.

The use of coal fly ash for nutrient recovery 5
increasing from 176.2 to 409.3 mg g�1 as concentration varies

from 25 to 100%. Further, urea recovery was seen to be
>80% for all concentrations suggesting that initial urea con-
centration affects only the quantity of the urea recovered at

equilibrium. Furthermore, at fixed adsorbate concentration
of 3.375 g L�1 and adsorbent loading of 1.5 g, the effect of sha-
ker speed (100–200 rpm) was observed to be insignificant and
Please cite this article in press as: Simha, P. et al., Coal fly ash for the recovery of n
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hence, an average value of 150 rpm was selected for use in fur-
ther experiments (Fig. S3).

3.2. Effect of sorption temperature

Experiments were performed at three different incubator tem-

peratures while fly ash loading, initial concentration, shaker
speed and pH were held constant at 1.5 g, 13.5 g L�1,
150 rpm and 7.0 respectively (Fig. 3). Results indicated that

urea removal from urine over ash could be exothermic in nat-
ure as adsorption capacity decreased in the order,
30 �C > 35 �C > 40 �C; urea uptake capacity decreased from

409.3 to 282.4 mg g�1 as temperature increased from 30 to
40 �C. At low temperatures, the average molecular energy is
low; hence, the interaction of urea and fly ash is higher which
resulted in enhanced adsorption. An observation contrary to

this trend has been made in the case of industrial dye sorption
where higher temperatures are seen to be favorable (Sarkar
and Acharya, 2006); however, the exothermic nature of sorp-

tion of organic compounds has been noted by Gupta and Ali
(2001) who investigated the removal of pesticides using
bagasse fly ash. In any case, small variations in sorption tem-

perature should not significantly affect the adsorptive separa-
tion of solute from the solution.

3.3. Effect of urine pH

The variation in urea uptake capacity of fly ash was also inves-
tigated under different synthetic urine pH (Fig. 4). In these
experiments the pH was varied between 5.5 and 7.5 consider-

ing the variability of pH of human urine from person–to–per-
son as well as different dietary preferences. In any case, the
effect of pH was not considerably significant as urea was the

dominant molecule in the solution across the range of pH
itrogenous compounds from wastewater: Parametric considerations and system
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Fig. 4 Influence of urine pH on the urea adsorption capacity of

coal fly ash studied at 1.5 g ash loading, [CO(NH₂)₂] = 6.75 g L�1,

30 �C and 150 rpm.
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examined. Maximum urea adsorption was observed to occur at

a synthetic urine pH of 7. It could be quite possible that urea
adsorption onto fly ash is governed by non–electrostatic inter-
actions and thus, to increase its removal from urine, either the

pore volume of the ash has to be augmented or the molecular
size of the solute has to be increased through agglomeration.
Alternatively, increasing ionic strength has also been advo-

cated as a suitable option for improving adsorption capacity
at a given pH (Newcombe and Drikas, 1997). Radovic et al.
(1997) recorded similar observations in their study involving

nitrobenzene adsorption onto activated carbon.

3.4. Experiments with human urine

The average maximum adsorption capacity of coal fly ash for

adsorption of urea from human urine studied in triplicate was
Table 3 Process kinetics for adsorption of urea onto fly ash at diff

T (�C) R1
2 k1 q1 R2

2

30 0.8247 0.00070 257.04 0.9999

35 0.8003 0.00068 208.93 0.9999

40 0.8097 0.00069 112.20 0.9999

Table 2 Process kinetics for adsorption of urea onto fly ash at diff

C (g L�1) R1
2 k1 q1 R2

2

3.375 0.9286 0.00128 88.61 0.9999

6.750 0.9286 0.00128 128.42 0.9999

10.125 0.9286 0.00129 164.64 0.9999

13.500 0.9287 0.00130 208.93 0.9999

Please cite this article in press as: Simha, P. et al., Coal fly ash for the recovery of n
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found to be 388.3 mg g�1 which agreed well (d = 5.12) with
that observed in experiments with synthetic urine
(409.3 mg g�1). In all experiments, P90% removal of urea

was recorded. Although not tested in this study, in order to
facilitate urea desorption from the fly ash and allow fly ash
re-use, the methodology for regeneration suggested by

Ganesapillai et al. (2016) can be followed; deionized water of
a pre-determined volume based on the fly ash adsorption
capacity could allow recovery of urea as an aqueous concen-

trated solution for subsequent use in agriculture as a crop fer-
tilizer. Alternatively, fly ash adsorbed with urea can be used as
such for crop fertilization especially for the amendment and
conditioning of acidic soils (Yadav et al., 2016) given the alka-

line nature of the fly ash (pH1:5 � 8).

3.5. Contact time and adsorption kinetics

It is evident from Figs. 1–4 that the sorption was rapid as the
time required for establishment of equilibrium was observed to
be �3600 s. Majority (>95%) of the sorption was seen to

occur in t< 70 min across all the experimental conditions
investigated. Besides, the adsorption profile revealed three dis-
tinct sections: swift urea removal from urine was observed for

t< 500 s, gradual removal for 500 s < t< 2500 s and slow
uptake at t > 2500 s. Such behavior has been observed else-
where in studies involving the adsorption of organics (Brás
et al., 2005).

Tables 2–4 summarize the results of the kinetic experiments.
When experimentally derived sorption data were tested against
the three kinetic models it was observed that, using the coeffi-

cient of determination as the selection criteria for goodness of
fit yielded the pseudo–second–order equation as the best fit
(Ho and McKay, 1998). This was a consistent observation

(R2
2 > 0.99) throughout all the investigated experimental mod-

ules – concentration (C; g L�1), temperature (T; �C) as well as
fly ash loading (W; g). Likewise, the predicted urea adsorption

capacity at equilibrium (q2) was very close to observed values.
In contrast, log (qe � qt) versus t plots (not shown) for the ps
eudo–first–order model indicated the deviation between pre-
dicted and experimental data, especially in the initial portion

of the adsorption (t < 500 s). The pseudo–second order rate
constant (k2) was found to increase with concentration and
erent sorption temperatures.

k2 q2 h Ri
2 kid

7.54E�05 410.34 12.69 0.9426 50,486

5.06E�05 340.60 5.87 0.9425 41,903

1.09E�05 283.13 0.87 0.9426 34,835

erent initial concentrations.

k2 q2 h Ri
2 kid

5.46587 176.68 170,622 0.9421 21,737

7.92740 255.75 518,516 0.9423 31,503

10.18845 327.87 1,095,246 0.9423 40,389

12.71387 409.84 2,135,534 0.9426 50,486
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Table 4 Process kinetics for adsorption of urea onto fly ash at different ash loadings.

W (g) R1
2 k1 q1 R2

2 k2 q2 h Ri
2 kid

0.5 0.9175 0.00129 204.38 0.9999 7.38E�05 387.60 11.09 0.9428 47,757

1.0 0.8727 0.00130 200.35 0.9999 7.69E�05 401.61 12.40 0.9426 49,462

1.5 0.9286 0.00138 325.55 0.9999 7.92E�05 409.84 13.30 0.9426 50,488

2.0 0.6971 0.00098 154.77 0.9999 6.62E�05 319.49 6.76 0.9415 39,303

2.5 0.8416 0.00031 107.67 0.9999 1.94E�05 261.10 1.32 0.9435 32,118

Table 5 Mass transfer coefficient and effective diffusivity coefficient determined at various process conditions.

W (g) bL Di C (g L�1) bL Di T (�C) bL Di

0.5 2.93E�08 3.37E�12 3.375 1.30E�08 7.09E�13 30 7.99E�08 1.77E�11

1.0 7.31E�08 4.96E�12 6.750 2.28E�08 1.29E�12 35 7.77E�08 2.66E�12

1.5 7.99E�08 1.77E�11 10.125 4.75E�08 2.36E�12 40 6.52E�08 1.60E�12

2.0 7.69E�08 1.54E�12 13.500 7.99E�08 1.77E�11

2.5 2.20E�08 8.10E�13
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ash dosage (61.5 g) and decreased with sorption temperature.
An Arrhenius type relationship (R2 > 0.9) was seen between ki
(k1, k2 or kid) and temperature as seen through Eq. (10) with
the activation energy (EA) calculated to be <22 kJ mol�1; R
(8.314 J mol�1 K�1) is the gas constant, T (K) is the tempera-

ture and k0 is the Arrhenius factor. This is consistent with val-
ues reported in literature where Nollet et al. (2003) provided
similar observations for fly ash in experiments involving the

adsorptive separation of PCBs. The low energy of activation
also suggested that diffusion processes featured strongly in
determining the rate and that, the sorption was physical in nat-
ure (Doğan et al., 2009). Besides, it can also be advocated that

Van der Waal’s and electrostatic interactions occur between
urea (polar compound) and the surface of fly ash particles.
The initial rate of urea adsorption displayed an inverse rela-

tionship with temperature; such experimental findings have
been reported by others where the suggestive explanation for
such behavior is that, adsorbate–adsorbent forces of attraction

tend to be weak for exothermic processes (Ofomaja and
Unuabonah, 2013).

ln ki ¼ ln k0 � EA

RT
ð10Þ

While intra–particle diffusion also plays a part in determining

the kinetics of urea removal from synthetic urine, it is not the
primary factor in controlling the sorption rate. The sorption is
likely to be described through a complex mechanism where,
the rate is controlled by both surface and pore diffusion

(Chaturvedi et al., 1988). This was confirmed through qt versus
t0.5 plots (Fig. S4) which did not pass through the origin. kid
was observed to decrease with sorption temperature. Also,

intercepts of the intra–particle diffusion plots that provided
an estimation of the thickness of the boundary layer decreased
with temperature which in part, helps explain the lower sorp-

tion capacity at higher temperatures. In addition, it is known
that the solubility of urea in water increases with temperature
(Pinck and Kelly, 1925); as Chiou et al. (1979) note, decreased

sorption is to be expected with increasing temperatures for
compounds whose solubility exhibits a direct positive relation-
ship with temperature. The results are in agreement with
studies conducted elsewhere involving phenols (Gupta et al.,
Please cite this article in press as: Simha, P. et al., Coal fly ash for the recovery of n
design. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016
1998; Sarkar et al., 2003) and other organic micropollutants
(Hulscher and Cornelissen, 1996).

3.6. Mass transfer and rate determination

Linear plots based on Eq. (2) were obtained and used for the
estimation of the mass transfer coefficient using the method
of slopes (Fig. S5). As seen in Table 5, the mass transfer anal-

ysis again confirmed the significant contribution of fly ash
loading and initial solute concentration in determining the
extent and rate of urea adsorption. To determine and distin-

guish the mechanism governing the transfer and/or diffusion
of urea molecules, the procedure detailed by Boyd et al.
(1947), Reichenberg (1953) and Helfferich (1962) was followed

(Eqs. (11) and (12)). F is calculated as the ratio of qt to q1, i.e.
the fraction of urea adsorbed (mg g�1) with respect to urea
adsorption at infinite time (in this study, 5 h). Bt versus time
plots were linear (R2 > 0.86) for t< 300 s but did not pass

through the origin (Fig. 5). Ignoring the surface adsorption
of urea that can be assumed to be spontaneous and thus, no
n–rate–controlling, it can be suggested here that film diffusion

of urea features stronger than its pore diffusion and thus, is
rate determining. The estimated coefficient of diffusion values
are provided in Table 5 and were found to vary between

7.07 � 10�13 and 1.77 � 10�11 cm2 s�1.

F ¼ 1� 6

p2
expð�BtÞ ð11Þ

Bt ¼ �0:498� ln 1� q

qe

� �
ð12Þ
3.7. Linear and non–linear isotherm analysis

Isotherm analysis was conducted by testing sorption data from
experiments involving the change in concentration (DC), ash
dosage (DW) and temperature (DT) against 9 isotherm models.

Initially, regression of the data against linearized two parame-
ter equations was performed and results are summarized in
Table 6. The favorability of the sorption process investigated
was confirmed by the estimated separation factor
itrogenous compounds from wastewater: Parametric considerations and system
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Table 6 Linear analysis of two parameter isotherm models for ure

Isotherm model Parameter

Langmuir Isotherm R2

qm
KL

RL

NDa

NSDb

Freundlich Isotherm R2

Kf

nFR
ND

NSD

Flory-Huggins R2

Ka

ND

NSD

Dubinin-Radushkevich R2

qs
Kad

Es

ND

NSD

Tempkin R2

B

A

ND

NSD
a

ND: Normalized Deviation.
b

NSD: Normalized Standard Deviation.

-1

1

3

5

7

0 3000 6000 9000

t  (s)

Bt

Fig. 5 Bt versus t plots for urea adsorption with 1.5 g ash

loading, 30 �C, 100 rpm and pH= 6.0 at various initial concen-

trations: 3.375 g L�1 (j), 6.75 g L�1 (h), 10.125 g L�1 (▲) and

13.5 g L�1 (�).
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(0 < RL < 1) as well as the Freundlich adsorption intensity
(nFR > 2). Thermodynamic parameters were evaluated using
the Eyring equation (Doğan et al., 2009) and found to be as

follows – DH*: –75.4 kJ mol�1, DS*: +0.19 kJ mol�1 and
DG* varied as �129 to �132 kJ mol�1. In addition, the average
free energy (ES) calculated using the Dubinin–Radushkevich

model constant was found to be <8 kJ mol�1 affirming that
the process was indeed physical. Utilizing a criterion of high
R2, low ND and low NSD indicated that, the Flory–Huggins

isotherm was seen as an appropriate choice of linearized iso-
therm model equation. This indicated that that urea adsorp-
tion onto coal fly ash was a spontaneous process and that,
the removal of urea from urine followed the mechanism of

physisorption.
Results of the non–linear regression and error analysis per-

formed as per the guiding notes of Ho et al. (2002, p.10) are

presented in Tables 7–9. For every model equation, the param-
eter set that resulted in the least ErrSN was considered the opti-
mal solution and was used to further evaluate the correlation

between experimental and predicted adsorption capacity of
fly ash as investigated under various process conditions. For
example, as seen in Table 7 for the Toth model, minimum

ErrSN was 4.8 suggesting the model parameters Qt, Kt and tt
were 401, 2.5 and 3, respectively. Considering the overall anal-
ysis (four isotherms and three modules) where the optimization
objective was to minimize ErrSN, ErrSS and ErrMPSD provided

the best parameters sets across eight systems. Moreover, the
a sorption.

DC DW DT

0.6725 0.8436 0.8336

203.66 434.78 277.78

0.0015 0.0037 0.0024

0.0458 0.0191 0.0290

17.6893 6.2982 5.6171

19.1382 7.6347 5.8886

0.8548 0.5440 0.9470

7474 156 2376

2.506 9.285 4.063

11.4378 8.9060 3.1528

12.0186 11.3696 3.4294

0.8854 0.9872 0.9880

1.3E�05 2.5E�05 3.8E�05

13.7433 1.8813 0.3682

16.9989 2.1091 0.3962

0.6809 0.8367 0.8714

202.73 423.56 270.75

0.3607 0.0792 0.2025

1.1774 2.5126 1.5713

15.4855 5.1833 33.9692

18.1836 6.7256 38.3323

0.9295 0.5376 0.9689

�114.719 35.453 85.204

2.1E�05 12.424 2.8531

8.4046 8.7402 2.5868

9.6657 11.2877 2.8538
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Table 7 Three parameter isotherm analysis at various fly ash loadings.

ErrSS ErrCF ErrMPSD ErrAR ErrSA

Redlich-Peterson

ARP 94.016 154.232 40.769 90.001 9.799

BRP 0.256 0.420 0.111 0.256 0.026

g 0.990 0.990 0.990 0.984 0.990

ErrSS 489.577 475.242 541.257 645.723 884.162

ErrCF 1.230 1.193 1.356 1.619 2.201

ErrMPSD 0.003 0.003 0.003 0.004 0.005

ErrAR 0.079 0.079 0.084 0.090 0.104

ErrSA 31.643 31.552 33.445 35.909 41.436

ErrSN 3.434 3.452 3.471 4.211 4.199

Sips

Qs 399.261 399.058 398.853 401.039 401.039

Ks 3.585 4.000 4.000 6.000 2.000

1/n 4.256 5.000 5.000 3.000 2.499

ErrSS 242.119 242.244 242.619 251.600 251.600

ErrCF 0.611 0.611 0.611 0.640 0.640

ErrMPSD 0.002 0.002 0.002 0.002 0.002

ErrAR 0.059 0.060 0.060 0.055 0.055

ErrSA 23.567 23.770 23.975 21.789 21.789

ErrSN 4.889 4.863 4.837 4.805 4.792

Toth

Qt 399.262 399.058 398.853 401.039 401.039

Kt 413.974 25.000 2.500 1.200 2.500

tt 1.533 3.000 3.100 3.800 3.000

ErrSS 242.119 242.244 242.619 251.600 251.600

ErrCF 0.611 0.611 0.611 0.640 0.640

ErrMPSD 0.002 0.002 0.002 0.002 0.002

ErrAR 0.059 0.060 0.060 0.055 0.055

ErrSA 23.565 23.770 23.975 21.789 21.789

ErrSN 4.889 4.863 4.837 4.805 4.792

Koble-Corrigan

AKC 45.680 23.726 21.158 2.208 8.591

BKC 0.114 0.059 0.053 0.006 0.021

nKC 3.727 3.052 2.505 2.267 5.000

ErrSS 242.119 242.245 242.599 251.726 251.599

ErrCF 0.611 0.611 0.611 0.640 0.640

ErrMPSD 0.002 0.002 0.002 0.002 0.002

ErrAR 0.059 0.060 0.060 0.055 0.055

ErrSA 23.567 23.771 23.965 21.797 21.789

ErrSN 4.890 4.863 4.837 4.807 4.794

Bold values indicate minimum value for an error function.
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Redlich–Peterson model, using parameters derived from
ErrMPSD and ErrSS, was able to adequately capture the sorp-
tion process across all the systems (Table S6). Since the

Redlich-Peterson model is derived from a combination of the
Freundlich and Langmuir isotherm model relations, the fit of
the experimental data is expectedly better than either of them;

further, this is also indicative of surface heterogeneity of the fly
ash in providing the active sites for urea adsorption.
3.8. System design

The design of a batch adsorption system can be carried out
using the results of the isotherm analysis which indicated that

as far as the three parameter models are concerned, the rela-
tionship between qe and Ce can be adequately described by
the Redlich–Peterson equation (Eq. (13)). Assuming that the
Please cite this article in press as: Simha, P. et al., Coal fly ash for the recovery of n
design. Arabian Journal of Chemistry (2016), http://dx.doi.org/10.1016/j.arabjc.2016
fly ash does not adsorb any water from the solute, the adsor-
bate balance can be expressed as in Eq. (14). Simultaneously
solving Eqs. (13) and (14) yields the amount of fly ash required

(Eq. (15)) to result in a predetermined extent of reduction/
removal of the target compound.

qe ¼
ARPCe

1þ BRPC
g
e

ð13Þ

W ¼ VðC0 � CeÞ
qe

ð14Þ

W ¼ VðC0 � CeÞ � ð1þ BRPC
g
e Þ

ARPCe

ð15Þ

Since a multistage adsorber reduces the amount of adsor-
bent required to effect the same reduction in the target com-
pound vis–à–vis single stage adsorption, let us consider a
itrogenous compounds from wastewater: Parametric considerations and system
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Table 8 Three parameter isotherm analysis at various sorption temperatures.

ErrSS ErrCF ErrMPSD ErrAR ErrSA

Redlich-Peterson

ARP 188.671 22.130 37.614 112.117 21.056

BRP 0.549 0.603 1.738 0.373 5.150

G 1.000 0.733 0.672 0.985 0.454

ErrSS 8131.302 33961.232 41852.358 9225.291 66788.550

ErrCF 24.029 89.208 108.126 26.439 186.054

ErrMPSD 0.073 0.240 0.285 0.078 0.536

ErrAR 0.391 0.734 0.807 0.395 1.037

ErrSA 131.442 262.962 292.286 134.931 359.544

ErrSN 2.395 2.332 2.263 3.244 3.285

Sips

Qs 343.784 336.007 328.505 346.037 339.712

Ks 15.115 0.250 1.207 0.997 5.000

1/n 27.440 25.000 2.376 0.492 1.001

ErrSS 8073.463 8254.926 8773.851 8824.717 8129.507

ErrCF 23.872 23.332 23.835 25.314 23.468

ErrMPSD 0.073 0.068 0.067 0.075 0.070

ErrAR 0.389 0.380 0.394 0.387 0.373

ErrSA 130.965 130.557 138.059 131.998 126.916

ErrSN 4.766 4.733 4.700 4.936 4.770

Toth

Qt 343.786 336.003 328.538 339.691 339.691

Kt 5.853 1.200 4.431 1.000 5.318

tt 2.036 2.531 2.364 3.000 13.552

ErrSS 8073.463 8255.115 8770.745 8123.714 8123.713

ErrCF 23.872 23.332 23.830 23.453 23.453

ErrMPSD 0.073 0.068 0.067 0.070 0.070

ErrAR 0.389 0.380 0.393 0.373 0.373

ErrSA 130.967 130.561 138.026 126.873 126.873

ErrSN 4.714 4.940 4.767 4.850 4.733

Koble-Corrigan

AKC 211.244 184.555 134.891 54.996 87.291

BKC 19.000 40.000 10.000 15.000 32.000

nKC 0.050 0.050 0.100 0.195 0.129

ErrSS 11516.085 11730.433 16663.276 24406.391 18150.403

ErrCF 33.549 32.805 44.409 67.818 50.735

ErrMPSD 0.101 0.095 0.122 0.195 0.147

ErrAR 0.462 0.444 0.525 0.624 0.541

ErrSA 156.646 153.621 186.137 216.541 187.326

ErrSN 3.379 3.381 3.384 4.162 4.158

Bold values indicate minimum value for an error function.
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two stage adsorber wherein the amount of fly ash required in
each stage can be estimated by Eqs. (16) and (17). With the

objective of minimization of the total (M1 +M2) amount of
fly ash required (Eq. (18)), an expression for the intermediate
concentration (C1 in this case) as a function of initial and equi-

librium adsorbate concentration can be found (Eq. (19)). By
simultaneously considering Eqs. (16), (17), and (19), an expres-
sion unique to the investigated system was found for mul-

tistage adsorption involving N stages (Eq. (20)).

W1 ¼ VðC0 � C1Þ � ð1þ BRPC
g
1 Þ

ARPC1

ð16Þ

W2 ¼ VðC1 � CeÞ � ð1þ BRPC
g
e Þ

ARPCe

ð17Þ
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@ðW1 þW2Þ
@C1

¼ @

@C1

VðC1 � CeÞ � ð1þ BRPC
g
e Þ

ARPCe

� 	
¼ 0 ð18Þ

C1 ¼ C0 � Ceð Þ1=2 ð19Þ

X
W1 þW2 þ � � �WN ¼ V � ð1þ BRPC

g
e Þ

ARP

C0

Ce

� �N�1

� 1

( )

ð20Þ
Under the experimental conditions of pH = 6.0, sorption

temperature of 30 �C, shaker speed of 150 rpm and initial urea
concentration as 13.5 g L�1, the minimum amount of fly ash

required for 90% removal of urea from different volumes of
influent synthetic urine solutions was calculated and is enlisted
itrogenous compounds from wastewater: Parametric considerations and system
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Table 9 Three parameter isotherm analysis at various initial concentrations.

ErrSS ErrCF ErrMPSD ErrAR ErrSA

Redlich-Peterson

ARP 200.536 200.000 250.017 250.000 200.530

BRP 0.792 0.843 1.124 0.730 0.674

G 0.990 0.990 0.990 0.161 0.254

ErrSS 11446.979 12191.951 14263.185 12758.935 12605.282

ErrCF 50.425 47.286 50.084 56.886 56.210

ErrMPSD 0.242 0.201 0.188 0.275 0.272

ErrAR 0.673 0.693 0.712 0.704 0.700

ErrSA 153.635 169.388 184.262 159.641 158.675

ErrSN 5.019 4.586 4.279 4.889 4.481

Sips

Qs 253.003 237.250 222.363 255.382 255.382

Ks 5.000 5.009 2.000 2.000 1.890

1/n 5.356 2.758 3.000 4.000 3.500

ErrSS 11439.137 12183.638 14255.582 11456.118 11456.118

ErrCF 50.396 47.258 50.061 51.415 51.415

ErrMPSD 0.242 0.201 0.188 0.250 0.250

ErrAR 0.672 0.693 0.712 0.669 0.669

ErrSA 153.579 169.332 184.219 151.200 151.200

ErrSN 4.264 4.873 4.520 4.797 4.394

Toth

Qt 253.003 237.229 222.363 417.076 450.031

Kt 250.002 277.458 149.994 24.998 25.028

tt 3.138 1.044 2.192 0.194 0.185

ErrSS 11439.137 12185.592 14255.575 14455.273 14764.362

ErrCF 50.396 47.258 50.061 63.978 65.285

ErrMPSD 0.242 0.201 0.188 0.308 0.314

ErrAR 0.672 0.693 0.712 0.747 0.755

ErrSA 153.579 169.353 184.219 169.985 171.798

ErrSN 4.545 4.243 3.989 4.742 4.608

Koble-Corrigan

AKC 34.205 50.464 45.006 40.001 44.800

BKC 0.135 0.213 0.202 0.157 0.175

nKC 3.643 3.500 4.000 2.500 3.000

ErrSS 11439.137 12183.579 14255.583 11456.117 11456.119

ErrCF 50.396 47.258 50.061 51.415 51.415

ErrMPSD 0.242 0.201 0.188 0.250 0.250

ErrAR 0.672 0.693 0.712 0.669 0.669

ErrSA 153.579 169.331 184.219 151.200 151.200

ErrSN 5.306 4.873 4.520 4.797 4.394

Bold values indicate minimum value for an error function.

Table 10 Estimation of the total amount of fly ash required for 90% removal of urea from different volumes of synthetic urine.

N Volume [L] of solution containing [CO(NH2)2]: 13.5 g L
�1

1 5 10 25 50 100 300 750 1000 5000

1 53.03 265.13 530.26 1325.66 2651.31 5302.63 15907.88 39769.71 53026.28 265131.41

2 12.74 63.70 127.40 318.49 636.99 1273.97 3821.92 9554.80 12739.73 63698.64

3 6.80 34.01 68.02 170.04 340.09 680.17 2040.51 5101.28 6801.71 34008.54

4 4.59 22.93 45.85 114.64 229.27 458.55 1375.64 3439.11 4585.47 22927.37

5 3.45 17.23 34.46 86.15 172.30 344.61 1033.82 2584.56 3446.08 17230.40

6 2.76 13.78 27.56 68.90 137.81 275.62 826.86 2067.14 2756.18 13780.92

7 2.29 11.47 22.95 57.37 114.74 229.48 688.45 1721.12 2294.83 11474.17

8 1.97 9.83 19.65 49.13 98.25 196.50 589.51 1473.78 1965.04 9825.22

9 1.72 8.59 17.18 42.94 85.89 171.78 515.33 1288.32 1717.75 8588.77

10 1.53 7.63 15.26 38.14 76.28 152.55 457.66 1144.15 1525.54 7627.70
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Fig. 6 Estimation of amount of fly ash (g) required to treat a

given volume of wastewater (synthetic urine in this study) under

various removal (%) of urea scenarios.
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in Table 10. It is evident that increasing the number of stages
decreases the total fly ash required while increasing the volume
of urine necessitates higher ash dosages (Fig. 6).

4. Conclusions

The present study demonstrated the potential of utilizing

untreated coal fly ash in wastewater treatment by using
adsorptive recovery of urea from synthetic urine solutions as
the case study. While pH and shaker speed have insignificant

interactive effects on the sorption, high initial concentration
and low temperatures at an ideal fly ash dosage (1.5 g) resulted
in a maximum urea adsorption capacity of 410 mg g�1. Flory–

Huggins (two parameter; linear analysis) and Redlich–Peter-
son (three parameter; non–linear analysis) isotherm models
were found to best represent the experimental data. In addition

to the evaluation of process mass transfer and kinetic mecha-
nisms, a mathematical basis for system design was advocated
by estimating the minimum fly ash dosage required under var-
ious scenarios for single and multistage adsorption.
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