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Abstract This study described adsorption of uranium(VI)

by citric acid modified pine sawdust (CAMPS) in batch and

fixed-bed column modes at 295 K. The equilibrium

adsorption data were analyzed by Langmuir, Freundlich,

Koble–Corrigan and Dubinin–Radushkevich isotherm

models. The results indicated that the Langmuir and

Koble–Corrigan models provided the best correlation of

the experimental data. The Elovish model was better to fit

the kinetic process, which suggested that ion exchange was

one of main mechanism. The effective diffusion parameter

Di values indicated that the intraparticle diffusion was not

the rate-controlling step. In fixed-bed column adsorption,

the effects of bed height, feed flow rate, and inlet uranium

(VI) concentration were studied by assessing breakthrough

curve. The Thomas, the Yan and the bed-depth/service

time (BDST) models were applied to the column experi-

mental data to determine the characteristic parameters of

the column adsorption. The results were implied that

CAMPS may be suitable as an adsorbent material for

adsorption of uranium (VI) from an aqueous solution.

Keywords Uranium(VI) � Citric acid modified pine

sawdust � Adsorption � Isotherm � Fixed-bed column

Introduction

Uranium, a toxic and weak radioactive heavy metal, is

relatively widespread in the environment, and as a

naturally occurring element it is found at low levels in all

rocks, soils and waters [1]. But uranium mining, milling,

processing, enriching, and disposal all contribute to con-

taminate surface water and groundwater, where the con-

centrations of uranium may increase to above 1 lg L-1. In

the aquatic environment, uranium usually occurs in the

hexavalent form as a mobile, hydrated uranyl UO2
2? ion.

Its solubility is strongly dependent on the pH of its solu-

tion. Uranium(VI) is extremely mobile and once entered

the living bodies provoke the inner irradiation (especially

due to the g-active decay products), having as a final result

the appearance of cancer [2]. To overcome these disad-

vantages of the release of uranium to the environment,

some waste water treatment techniques must be used.

Several techniques are available for the removal of U(VI)

ions from aqueous solutions including chemical precipita-

tion, ion-exchange, membrane processes, solvent extrac-

tion and adsorption being the most commonly used

methods employed [3–10]. Of these various methods,

adsorption has proved to be an effective and attractive

process [6]. Activated carbon is commonly used as an

adsorbent for removing uranium(VI) from wastewater due

to its excellent adsorption capabilities [9]. However, its

high cost limits its widespread use. Therefore, interest is

growing to find alternatives to carbon adsorbents. Recently,

attention has been focused on the development of low-cost

adsorbents for applications concerning treatment of

wastewater [1, 11–14]. Adsorption by low cost adsorbents

provides an environmentally and economically favorable

method for removing uranium from wastewaters [11].

Agricultural by-products, such as, rice straw, wood

powder and wheat straw, have been studied for uranium(VI)

removal from wastewater [1, 12–14]. Generally, the sorp-

tion capacities of crude agricultural by-products are low.

For improving the sorption capacity of crude agricultural
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by-products, chemical modification was used [15, 16].

Modification of agricultural by-products can be carried out

to achieve adequate structural durability, enhance their

natural ion exchange capability and add value to the by-

product [15, 17]. Sawdust is a waste by-product of the

timber industry that is either used as cooking fuel or a

packing material. Wood powder does not noticeably swell

in water and does not decompose upon prolonged contact

with water. It can be used as a low-cost adsorbent largely

due to its lignocellulosic composition. It contains abundant

lignin, cellulose, hemicellulose and some functional groups

such as carboxyl, hydroxyl, phenolic and amide groups, etc.

in its structure, which make the adsorption processes pos-

sible [18]. A number of publications have reported on the

use of wood sawdust to remove contamination from solu-

tion [18, 19]. But modified pine sawdust with citric acid

(CAMPS) as adsorbent for removal of uranium(VI) from

solution is not studied.

In this study, CAMPS was used to remove uranium(VI)

ions from aqueous solution in batch and fixed bed column

systems. The objectives were to: (i) perform batch studies

to examine uranium(VI) adsorption using CAMPS (effect

of initial uranium concentration and pH, adsorption iso-

therm and kinetics) and (ii) perform column studies to

investigate the uranium(VI) uptake characteristics of

CAMPS under different flow rates, different bed height and

different initial uranium(VI) concentration.

Experimental

Materials

Preparation of CAMPS

Natural pine sawdust (NPS) used obtained from a local

sawmill in Zhengzhou City, R.P. China. It was washed

several times with distilled water to remove surface

impurities, and this was followed by drying for 8 h at

60 �C in the oven. The dry pine sawdust was crushed into

powder and sieved to 20–40 mesh fractions for chemical

modification.

Citric acid modified pine sawdust (CAMPS) was pre-

pared according to the modified method [15]. Ground pine

sawdust was mixed with 0.6 mol L-1 citric acid at the ratio

of 1:12 (pine sawdust/acid, w/v) and stirred for 30 min at

20 �C. The acid pine sawdust slurries were placed in a

stainless steel tray and dried at 50 �C in a forced air oven

for 24 h. Then the thermo-chemical esterification between

acid and pine sawdust was proceeded by raising the oven

temperature to 120 �C for 90 min. After cooling, the

esterified pine sawdust was washed with distilled water

until the liquid did not turn turbidity when 0.1 mol L-1

CaCl2 was dropped in. After filtration, CAMPS was sus-

pended in 0.1 mol L-1 NaOH solution at suitable ratio and

stirred for 60 min, followed by washing thoroughly with

distilled water to remove residual alkali, next dried at

50 �C for 24 h and preserved in a desiccator for use.

Reagents

All chemicals and reagents used for experiments and

analyses were of A.R. grade. The solution of uranium(VI)

was prepared by dissolving accurately weighted amount of

UO2(NO3)2�6H2O (A.R.) in deionized water. The initial pH

values of the working solutions were adjusted by the

addition of HNO3 or NaOH solutions. Arsenazo III solution

was prepared by dissolving 0.5 g of the reagent in

1000 mL of de-ionized water. Fresh dilutions were

employed for each experiment.

Determination of the U(VI) ion content of the solutions

A simple and sensitive spectrophotometric method based

on coloured complexes with arsenazo III in an aqueous

medium was used for the determination of the uranium(VI)

ion concentration [20]. The concentration of uranium(VI)

ions in solution was determined spectrophotometrically

by absorbance measurements at kmax = 588 nm using a

Shimadzu Brand UV-3000 spectrophotometer.

Equilibrium studies

The batch adsorption was performed using water bath

shakers at 295 K and at a constant agitation speed of

120 rpm. In this study 20 mL of uranium(VI) solution was

agitated with 3.0 g L-1 of CAMPS in 50 mL flask. Contact

time was carried out at initial dye concentrations of

120 mg L-1.

Equilibrium experiments were performed with different

initial uranium(VI) concentration. The agitated time was

180 min to reach equilibrium. The effect of pH on

adsorption of uranium(VI) onto CAMPS was investigated

by varying the initial solution pH from 2.0 to 10.0.

The amount of dye adsorbed onto the unit weight of the

adsorbent (qt or qe, mg g-1) was calculated using the fol-

lowing equations:

qe ¼
VðC0 � CÞ

m
ð1Þ

where V is the solution volume in L; C0 is the initial

concentration in mg L-1, C is the uranium(VI) concen-

tration at any time in mg L-1, and m is the weight of

adsorbent in g.
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Column studies

Continuous adsorption experiments in a fixed-bed column

were conducted in a glass column (1.0 cm ID and 30 cm

height), packed with a known quantity of CAMPS. A

known concentration of uranium(VI) solution was pumped

in down flow mode at desired flow rates using a peristaltic

pump. Samples were collected at regular intervals. The

effects of the following column parameters, on uranium(VI)

adsorption were investigated. (i) Effect of bed height: bed

height was varied between 7.0 cm (1.42 g), 10.0 cm

(2.10 g) and 13.0 cm (2.66 g), keeping flow rate and initial

uranium(VI) concentration constant at 8 mL min-1 and

60 mg L-1, respectively. (ii) Effect of flow rate: flow rate

was varied between 6 and 10 mL min-1, while bed height

and inlet uranium(VI) concentration were held constant at

10.0 cm and 60 mg L-1, respectively. (iii) Effect of initial

uranium(VI) concentration: inlet uranium(VI) concentra-

tion was varied between 40, 80 mg L-1, at 10.0 cm bed

height and 8 mL min-1 flow rate.

The loading behaviour of U(VI) ions adsorbed from

aqueous solution onto a fixed bed is usually expressed in

term of C/C0 (C = effluent metal ion concentration;

C0 = influent metal ion concentration) as a function of

time or the volume of the effluent for a given bed height,

thereby allowing the corresponding breakthrough curve to

be constructed [21]. The maximum column capacity, qtotal

(mg), for a given feed concentration and flow rate, Q, is

equal to the area under the curve of adsorbed U(VI) ion

concentration, Cads (Cads = C0 - C) (mg L-1), versus

time (min) and is calculated via Eq. 1:

qtotal ¼
QA

1000
¼ Q

1000

Z t¼ttotal

t¼0

Caddt ð2Þ

The equilibrium uptake (qe
0), the amount of uranium(VI)

ions adsorbed per unit mass of dry adsorbent (mg g-1) in

the column, is calculated from:

q0e ¼ qtotal=X ð3Þ

where X is the total mass of dry adsorbent in the column.

Results and discussion

Batch studies

Effect of pH

The pHzpc of an adsorbent is a very important characteristic

that determines the pH at which the adsorbent surface has

net electrical neutrality. The determination of pHzpc of

CAMPS was performed according to the solid addition

method [22]: 20 mL of 0.01 mol L-1 KNO3 solution was

placed in conical flasks. The initial pH of the solutions was

adjusted to a value between 2 and 11 by adding

0.1 mol L-1 HCl or NaOH solution. Then 0.1 g of CAMPS

was added to each flask, strirred and the final pH of the

solutions was measures after 24 h. The value of pHzpc can

be determined from the curve that cuts the pHi line of the

plot DpH versus pHi (Fig. 1).

The pH of solution could affect the solubility and spe-

ciation of metal ions in solution. The influence of solution

pH on adsorption process can also be interpreted with the

help of the structure and surface charge of the adsorbent.

The relative abundance of various uranium(VI) species is a

strong function of pH and composition of solution. In the

absence of carbonates, complexation of uranium(VI) and

hydroxyl ion is a possible reaction, while in the presence of

carbonates, the reaction of uranyl ion with CO3
2– is the

most dominant reaction in aqueous medium.

The no precipitate of U(VI) and colloid formation were

observed in the pH range of 2.0–10.0 under the experi-

mental condition. The experimental results are shown in

Fig. 2. As shown in Fig. 2, the pH of aqueous phase is a

controlling factor in uranium(VI) adsorption. Under higher

acidic conditions, uranium(VI) uptake was minimal. This

may be explained by considering the zero point of charge

(pHzpc) for the CAMPS. The zero point of charge is a

concept in physical chemistry relating to the phenomenon

of adsorption, and it describes the condition when the

electrical charge density on a surface is zero. The plot of

change in solution pH (DpH) versus initial pH (pHi)

showed that with increasing initial solution pH, the pH

change become more negative and the zero value of DpH

was reached at pHi value of 6.7, which is considered as the

pHzpc of CAMPS. If the pH was below pHzpc of CAMPS,

more of the surface sites were positive charged and ura-

nium(VI) will be adsorbed to a lesser extent due to the

repulsive forces between uranium(VI) ions and positive

charge of the CAMPS surface. So, as pH increased from
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Fig. 1 The zero point of charge (pHzpc) of CAMPS
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2.0 to 6.5, the fraction of uranium(VI) adsorbed on

CAMPS increased. Adsorption reached a maximum at pH

of 6.5. However, if the pH was above pHzpc, the surface

charge is negatively, more uranium(VI) ions should be

adsorbed, but the result showed that the extent of adsorp-

tion diminished as pH continued to rise from 6.5 to 10.0.

This behavior may be explained by that the carbonate

concentration increases with pH at a constant carbon

dioxide partial pressure, resulting in an increase in the

concentration of soluble uranium(VI) carbonate com-

plexes. The behavior of uranium(VI) ions in aqueous

solution is a complex phenomenon in the sense that ura-

nium(VI) ions may be present as ions of different com-

position. Uranium(VI) basically exists as free uranyl ion,

its hydrolysis complexes, and multinuclear hydroxide and

carbonate complexes as a function of pH and uranium(VI)

concentration under experimental conditions. At pH

7.0–10.0, the solution carbonate complexes of UO2
2? such

as UO2(CO3)2
2- and UO2(CO3)3

4-, are the dominant anion

species. They compete with uranium(VI) ions for adsorp-

tion sites, so that the adsorption of uranium(VI) ions

decreases as the concentration of dissolved carbonate and

bicarbonate anions increase [23]. Therefore, all the

adsorption experiments were carried out at pH 6.5.

Equilibrium study

The effect of Ce on adsorption is shown in Fig. 3. The

values of qe increased with increasing Ce. The uranium(VI)

concentration provided the necessary driving force to

overcome the resistances to the mass transfer of ura-

nium(VI) between the aqueous and solid phases. The

increase in Ce also enhanced the interaction between ura-

nium(VI) and CAMPS. Therefore, an increase in Ce of

uranium(VI) enhanced the adsorption uptake of

uranium(VI).

In this article, the Langmuir, Freundlich, Koble-

Corrigan and Dubinin–Radushkevich isotherm models

were used to describe the adsorption equilibrium.

The Langmuir adsorption isotherm has been success-

fully applied to many pollutants adsorption processes and

has been the most widely used sorption isotherm for the

sorption of a solute from a liquid solution [24]. The com-

mon form of the Langmuir isotherm is:

qe ¼
qmKLce

1þ KLce
ð4Þ

where qm is the qe for a complete monolayer (mg g-1), a

constant related to adsorption capacity; and KL is a con-

stant related to the affinity of the binding sites and energy

of adsorption (L mg-1).

The Freundlich isotherm is an empirical equation

describing adsorption onto a heterogeneous surface. The

Freundlich isotherm is commonly presented as [25]:

qe ¼ KFc1=n ð5Þ

where KF and 1/n are the Freundlich constants related to

the adsorption capacity and adsorption intensity of the

adsorbent, respectively.

The Koble–Corrigan model is a three-parameters equa-

tion for the representing equilibrium adsorption data. It is a

combination of the Langmuir and Freundlich isotherm type

models and is given by Eq. 6 [26]:

qe ¼
ACn

e

1þ BCn
e

ð6Þ

where A, B and n are the Koble–Corrigan parameters.

The Dubinin–Radushkevich (D–R) model, which does

not assume a homogeneous surface or a constant adsorption

potential as the Langmuir model, was further used to test

the experimental data [27]. The D-R isotherm is given as

Eq. 7
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Fig. 2 Effect of initial pH on adsorption of uranium (VI) by CAMPS

(CAMPS dose 3 g L-1, C0:150 mg L-1)
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Fig. 3 Experimental points and fitted isotherm curves
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qe ¼ qm expð�ke2Þ ð7Þ

where, e (RT ln(1 ? 1/Ce)) is the Polanyi potential, qm

(mg g-1) is the adsorption capacity, and k (mol2 kJ-2) is a

constant related to the adsorption energy when it is

transferred to the surface of the solid from infinity in the

solution. This energy (E) can be computed using the

following relationship (Eq. 8) [28]:

E ¼ 1ffiffiffiffiffi
2k
p ð8Þ

All relative parameters of the isotherm equations, the

values of R2 and SS are listed in Table 1, respectively.

Figure 3 depicts the experimental equilibrium data and the

fitted equilibrium curves by four various isotherms,

respectively.

It was obvious that regression coefficients (R2) obtained

from the Koble–Corrigan and Langmuir isotherms were

higher than that of the Freundlich and Dubinin–Rad-

ushkevich isotherms while the relative values of SS were

lower, respectively, which suggested the applicability of

the Koble–Corrigan and Langmuir isotherms for ura-

nium(VI) adsorption onto CAMPS.

According to Langmuir constants, the maximum

monolayer adsorption capacity (qm) of CAMPS for ura-

nium(VI) was 71.6 mg g-1. The reported values of qm

about some materials in literatures are 40.5 mg g-1 for

coffee residues [29], 71.4 mg g-1 for olive cake,

99.96 mg g-1 for wood powder and 47.6 mg g-1 for wheat

straw [14], respectively. As a low cost adsorbent, CAMPS

exhibits the potential for the removal of uranium(VI) from

aqueous solution. The carboxyl groups on the surface of the

modified pine sawdust (CAMPS) were primarily respon-

sible for the sorption of uranium(VI).

In this study, the E value calculated from Eq. 10 was cal-

culated as 23.80 kJ mol-1 for uranium(VI) on CAMPS. The

parameter gives information about the type of adsorption

mechanism as chemical ion-exchange or physical adsorption.

If the magnitude of E is between 8 and 16 kJ mol-1, the

sorption process is supposed to proceed via chemisorption,

while for values of E \ 8 kJ mol-1, the sorption process is of

physical nature [30]. This result indicates that the adsorption

mechanism was chemical ion-exchange.

Kinetic study

The effect of contact time on uranium(VI) adsorption was

shown in Fig. 4. From Fig. 4, a two-stage kinetic behavior

was evident. A very rapid initial adsorption over 40 min,

followed by a longer period of considerably slower uptake.

With the beginning of adsorption, the values of qt increased

quickly and then the change turned slow after 40 min.

After 180 min, the adsorbed quantity of uranium(VI)

showed nearly no change.

In this study, the pseudo-first order kinetic model,

pseudo-second order kinetic model, Elovich and intra-

particle diffusion model were used to analyze the adsorp-

tion kinetics for the adsorption of uranium(VI).

The pseudo-first order kinetic model is expressed as

[31]:

qt ¼ qeð1� e�k1tÞ ð9Þ

The pseudo-second order kinetic model is given by the

following equation as [31]:

qt ¼
k2q2

e t

1þ k2qet
ð10Þ

where qe and qt are the amount of uranium(VI) adsorbed

per unit weight of the adsorbent at equilibrium and at any

Table 1 Isotherm constants for uranium (VI) adsorption onto

CAMPS

Isotherm Parameters Value R2 SS

Langmuir qm (mg g-1) 71.59 ± 2.10 0.9941 0.734

KL (L mg-1) 0.029 ± 0.002

Freundlich KF 7.311 ± 1.479 0.9512 8.556

1/nF 0.422 ± 0.045

Dubinin–

Radushkevich

qm (mg g-1) 54.36 ± 3.071 0.9197 16.592

k (mmol2

J-2) 9 10-10
8.827 ± 1.879

E (kJ mol-1) 23.80

Koble–

Corrigan

A 1.426 ± 0.417 0.9952 0.489

B 0.021 ± 0.005

n 1.132 ± 0.102

a SS ¼
P qe;exp � qe;calð Þ2

qe;cal
, qe(exp) and qe(cal) are the experimental value

and calculated value according the model, respectively
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Fig. 4 Effect of contact time on the adsorption and fitted curves

(C0: 100 mg L-1.)
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time t, respectively (mg g-1) and k1 is the rate constant of

pseudo-first order adsorption (min-1); k2 is the rate con-

stant of pseudo-second order adsorption (g mg-1 min-1).

The Elovich model is expressed as [32]:

qt ¼ AE þ BE ln t ð11Þ

where AE and BE are the Elovich constant.

The intraparticle diffusion model [33]:

qt ¼ Kt1=2 þ C ð12Þ

K is the intraparticle diffusion rate constant

(g mg-1 min-1/2), C is a constant that gives idea about the

thickness of the boundary layer, i.e., larger the value of C

the greater is the boundary layer effect.

The kinetic constants can be determined using nonlinear

regressive analysis according to experimental data. The

parameters are listed in Table 2. The fitted curves are also

shown in Fig. 4.

From Table 2, the values of R2 were bigger than 0.986

and values of SS were less than 0.501. So it was reasonable

for all the three models to be used to predict the effect of

contact time on adsorption.

As the Elovich equation is successfully used to describe

the adsorption kinetics of ion exchange systems, it can be

concluded that the adsorption system be a chemical pro-

cess, especially an ion exchange process [32]. There was

negative charge of carboxyl group (–COO-) on the surface

of CAMPS, but uranium(VI) existed in solution were

positive. So it was referred that the main mechanism of

uranium(VI) adsorption behavior by CAMPS may be ion

exchange. This result is also consistent with the foregoing

conclusion derived from the mean free energy of adsorp-

tion (E) in the D–R isotherm.

From intraparticle diffusion model, Kt is the intraparticle

diffusion rate constant (g mg-1 min-1/2), C is a constant

that gives idea about the thickness of the boundary layer.

The result of regression analysis of the data is also pre-

sented in Table 2, from which it is seen that the regression

estimates of the first linear segment indicated an intercept

value differing from zero, thereby suggesting that pore

diffusion was not the sole step controlling the overall rate

of mass transfer at the start of batch adsorption. Film-dif-

fusion control may also have occurred during these early

stages of the adsorption process and may have still been

controlling the rate of mass transfer during the time period

of the first linear segment [34]. This shows that the

mechanism of uranium(VI) adsorption onto CAMPS is

complex and both the surface adsorption and intra-particle

diffusion contribute to the actual adsorption process.

The half-adsorption time t1/2 was another parameter

which can be calculated from the equilibrium concentration

and the diffusion coefficient rate values. This was calcu-

lated by using the following equation [35]:

t1=2 ¼
1

k2qe
ð13Þ

where k2 and qe can be obtained from Table 3.

The diffusion coefficient for the intraparticle transport of

uranium(VI) was also calculated by using the following

relationship [35]:

t1=2 ¼
0:03r2

Di
ð14Þ

Table 2 Kinetic constants for uranium(VI) adsorption onto CAMPS

Kinetic model Parameters Value Parameters Value R2 SS

Pseudo first order k1 (min-1) 0.0418 q1(cal) (mg g-1) 28.79 0.9949 0.194

Pseudo second order k2 (g mg-1 min-1) 1.47 9 10-3 q2(cal) (mg g-1) 33.59 0.9972 0.039

Elovich AE -3.38 BE 6.78 0.9865 0.501

Intraparticle diffusion (1) kt1 (mg g-1 min-1/2) 3.42 C1(mg g-1) 0.375 0.9950 0.375

Intraparticle diffusion (2) kt2 (mg g-1 min-1/2) 0.707 C1(mg g-1) 20.55 0.9152 0.059

Table 3 Thomas parameters at different conditions

C0 (mg L-1) Q (mL min-1) Z (cm) qtotal (mg) qe
0 (mg g-1) kTh (mL mg-1 min-1) q0 (mg g-1) R2

60 8.0 7 64.80 45.63 0.338 40.84 0.9831

60 8.0 10 100.49 47.85 0.281 57.38 0.9856

60 8.0 13 129.38 48.64 0.208 73.97 0.9728

40 8.0 10 92.8 44.19 0.345 52.63 0.9853

80 8.0 10 108.8 51.81 0.208 62.02 0.9818

60 6.0 10 111.6 53.14 0.201 81.31 0.9875

60 10.0 10 90.00 42.86 0.331 45.06 0.9871

590 W. Zou, L. Zhao

123



Di ¼
0:03r2

t1=2

¼ 0:03k2qer2 ð15Þ

where t1/2 is the half life in seconds as calculated from

Eq. 13, r is the radius of the adsorbent particle in centi-

meters and Di is the diffusion coefficient value in cm2 s-1.

According to Singh et al. [36], a value of Di of the order of

10-10–10-11 cm2 s-1 indicates that intra-particle diffusion

is rate-limiting step in the adsorption process. In this study,

the value of Di was 5.57 9 10-6 cm2 s-1, which is three

orders of magnitude greater than the value quoted by Singh

et al. [36]. This indicates that intraparticle diffusion is not

the rate-controlling step.

Column studies

Effect of flow rate on breakthrough curve

The breakthrough curves at various flow rates are shown in

Fig. 5 where it can be seen that the breakthrough generally

occurred faster with a higher flow rate. Breakthrough time

reaching saturation was increased significantly with a

decrease in the flow rate. At a low rate of influent, ura-

nium(VI) had more time to be in contact with adsorbent,

which resulted in a greater removal of uranium(VI) ions in

column. Hence lower flow rates were desirable for the

effective removal of uranium(VI) in column mode.

Effect of influent uranium(VI) concentration

on breakthrough curve

The breakthrough time decreased with increasing

influent uranium(VI) concentration (Fig. 6). As the inlet

uranium(VI) concentration increased, much sharper

breakthrough curves were observed. As influent ura-

nium(VI) concentration increased, sharper breakthrough

curves were obtained [37]. The lowest uranium(VI) con-

centration resulted in a delayed breakthrough curve since

the lower concentration gradient causes reduced transport of

uranium(VI). The driving force for adsorption is the con-

centration difference between the solute on the adsorbent

and the solute in the solution [37]. High concentration dif-

ferences provide a higher driving force, which favors the

adsorption process. At high initial dye concentrations, a

sharper breakthrough curve indicated shortened mass

transfer zone and higher adsorption rates [38]. Therefore,

when quick uranium(VI) uptake is desired, which is often

the case, operating with high initial uranium(VI) con-

centrations appears to be favorable [38]. The change of

concentration gradient affected the saturation rate and

breakthrough time [37].

The effect of different bed depth on the

breakthrough curve

The breakthrough curves at different bed depths were also

shown in Fig. 7, respectively. From Fig. 7, it was seen that

as the bed height increased, uranium(VI) had more time to

contact with CAMPS that resulted in higher removal effi-

ciency of uranium(VI). So the higher bed column resulted

in a decrease in the solute concentration in the effluent at

the same time. The slope of breakthrough curve decreased

with increasing bed height, which resulted in a broadened

mass transfer zone. Higher uptake was observed at the

highest bed height due to an increase in the surface area of

the adsorbent, which provided more binding sites for the

sorption [39].
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Fig. 5 Comparison of the experimental and predicted breakthrough

curves obtained at different flow rate according to the Thomas and

Yan model
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Fig. 6 Comparison of the experimental and predicted breakthrough

curves obtained at different concentration of uranium(VI) according

to the Thomas and Yan model
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Estimation of breakthrough curves

Thomas model The Thomas model, based on the Lang-

muir adsorption–desorption kinetics, is one of the most

widely used models [40]. It assumes no axial dispersion and

adsorption is the rate driving force and obeys second-order

reversible reaction kinetics [40]. Thomas’ solution also

assumes a constant separation factor but it is applicable to

either favorable or unfavorable isotherms. The non-linear

form of the model may be expressed as in Eq. 16:

C

C0

¼ 1

1þ expðkThq0X=Q� kThC0tÞ ð16Þ

where kTh is the Thomas rate constant (mL min-1mg-1), q0

is the uptake of uranium(VI) per g of adsorbent at equi-

librium (mg g-1), X is the mass of adsorbent in the column

(g); C0 is the influent uranium(VI) ion concentration

(mg L-1), C is the effluent concentration at time t (mg L-1)

and Q is the flow rate (mL min-1). The value of C/C0 is the

ratio of the effluent and influent uranium(VI) ion concen-

trations, while the time, t, is expressed in min.

From Table 3, it is seen that the values of the correlation

coefficients (R2) ranged from 0.973 to 0.988. Hence, the

correlation between C/C0 and time as expressed in Eq. 16

was significant. The values of kTh became bigger with the

flow rate increasing while the values of q0 became bigger

with initial dye concentration increasing. With the bed

depth increasing, the values of kTh became smaller while

the value of q0 increased. Adsorption capacity depended

mainly upon the amount of the adsorbent available for

adsorption. The breakthrough time and exhaustion time

increased with the increase in bed height since more time

was required to exhaust more adsorbent. But the slope of

the breakthrough curve decreased as the bed height

increased. This was due to an increase in the axial dis-

persion of the dye over the column with an increase in

column height. This increase in bed height resulted in an

increase in the volume of the dye solution treated and

therefore a higher percentage of uranium(VI) removal.

Figures 5, 6 and 7 also show a comparison between the

breakthrough curves obtained experimentally (full lines)

and those predicted using the Thomas model (dotted lines)

under various conditions. It is clear from all the figures that

the curves predicted at normalized concentrations were in

very good agreement with the experimental values. The

Thomas model is suitable for adsorption processes where

external and internal diffusion are not the rate-limiting

steps [37].

The Yan model

The Yan model [41] is also used to describe the column

adsorption data. Use of this model can minimize the error

resulting from the use of the Thomas model, especially at

lower or higher time periods of the breakthrough curve.

The expression is given as:

Ct

C0

¼ 1� 1

1þ ðvt
bÞ

a ð17Þ

where a and b are the constants of the Yan model,

respectively. From value of b, the value of q0 can be

estimated using following equation [41]:

q0 ¼
bC0

X
ð18Þ

The model constants (a and b) and values of q0 are given

in Table 4 using nonlinear regressive analysis. From

Table 4, they were all fitted with higher determined

coefficients (R2) ranging from 0.992 to 0.998. The values

of q0 in Table 4 are smaller than those in Table 3. The

breakthrough curves predicted by the Thomas model and

the Yan model are also shown in Figs. 5, 6 and 7. At all

conditions examined, the predicted breakthrough curves

from the Yan model showed reasonably better agreement

with the experimental curves than the Thomas model. At

the lower and high time of breakthrough curves, the fitted

curves of the Thomas model were far from experimental

points. So the Yan model was better to predict the

uranium(VI) column adsorption than the Thomas model.

The trend of values of q0 and b in Table 4 is similar to

values of q0 in Table 3 with the change of experimental

conditions. Several researchers studied the metal removal

by adsorption in the column mode, and found that that the

column kinetics could be described more adequately by the

Yan model than by the Thomas model [41–43]. Our study

on uranium(VI) removal in column adsorption had similar

results.
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Fig. 7 Comparison of the experimental and predicted breakthrough

curves obtained at different bed depth according to the Thomas and

Yan model
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The BDST model

The BDST model is a simple model for predicting the

relationship between bed depth, Z, and service time, t, in

terms of process concentrations and adsorption parameters.

The BDST model is based on the assumption that the rate

of adsorption is controlled by the surface reaction between

adsorbate and the unused capacity of the adsorbent [44].

The values of breakthrough time obtained for various

bed depth used in this study were introduced into the BDST

model. A linear relationship between bed depth and service

time is given by Eq. 19:

t ¼ N0Z

C0F
� 1

kaC0

ln
C0

Ct
� 1

� �
ð19Þ

A plot of bed depth, Z versus time t, should be linear,

allowing the evaluation of N0 and ka, i.e., the adsorption

capacity and the rate constant, respectively.

A simplified form of the BDST model is:

t ¼ aZ � b ð20Þ

where

a ¼ N0

C0F
ð21Þ

b ¼ 1

KaC0

ln
C0

Ct

� 1

� �
ð22Þ

The slope constant for a different flow rate can be

directly calculated by Eq. 23:

a0 ¼ a
F

F0
¼ a

Q

Q0
ð23Þ

where a and F is the old slope and influent linear velocity

and a0 and F0 is the new slope and influent linear velocity,

respectively. As the column used in experiment has the

same diameter, the ratio of original (F) and the new

influent linear velocity (F0) and original flow rate (Q) and

the new flow rate (Q0) is equal.

For other influent concentrations, the desired equation is

given by a new slope, and a new intercept given by fol-

lowing expression:

a0 ¼ a
C0

C00
ð24Þ

b0 ¼ b � C0

C00
� lnðC

0
0 � 1Þ

lnðC0 � 1Þ ð25Þ

where b0, b are the new and old intercept, respectively; C0
0

and C0 are the new and old influent concentration,

respectively.

The plot of t versus Z at values of Ct/C0 0.14, 0.40 and

0.65 on the basis of BDST model was shown in Fig. 8. The

related constants of BDST model calculated from the slopes

and intercepts of the direct lines were listed in Table 5.

Table 4 Yan parameters at

different conditions
C0 (mg L-1) Q (mL min-1) Z (cm) a b (mL) q0 (mg g-1) R2

60 8.0 7 2.650 1019 43.06 0.9922

60 8.0 10 3.252 1523 43.51 0.9956

60 8.0 13 3.038 1903 42.92 0.9955

40 8.0 10 3.719 2125 40.48 0.9962

80 8.0 10 2.518 1190 45.33 0.9950

60 6.0 10 3.267 1618 46.23 0.9976

60 10.0 10 3.034 1486 42.46 0.9947

6 8 10 12 14
0

50

100

150

200

250

300 C/C
o
=0.14

C/C
o
=0.40

C/C
o
=0.65
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Fig. 8 Iso-removal lines for breakthroughs of 0.14, 0.40 and 0.65,

respectively, for different bed heights

Table 5 Calculated constants

of the BDST model for the

adsorption of uranium(VI) onto

CAMPS

C/C0 a (min cm-1) b (min) ka (L mg-1 min-1) N0 9 103 (mg L-1) R

0.14 15.00 43.33 6.98 9 10-4 7.20 0.9980

0.40 19.17 26.67 2.53 9 10-4 9.20 0.9993

0.65 22.50 10.00 -1.03 9 10-3 10.80 0.9979
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It can be seen from Table 5, as the value of Ct/C0

increased, the value of N0 increased, while the value of rate

constant (Ka) decreased. The high correlation coefficients R

([0.997) suggested the feasibility of the BDST model for

the present column system. The BDST model constants can

be helpful to scale up the process for other flow rates and

concentrations without further experimental operation.

The equation obtained at flow rate of 6 mL min-1 and

influent concentration of 40 mg L-1 was used to predict

the adsorbent performance at other flow rates or influent

concentrations. The predicted time (tc) and experimental

time (te) were shown in Table 6. The results demonstrated

the BDST equation can excellently predict the adsorption

performance at different conditions for adsorption of ura-

nium(VI) onto CAMPS column.

Conclusion

Uranium(VI) adsorption onto CAMPS was investigated in

batch and column modes. The kinetic, equilibrium and

breakthrough curves were discussed. The kinetic process

was better described by the pseudo-second-order kinetic

and Elovich models while adsorption isotherm was effec-

tively described by the Langmuir and Koble–Corrigan

adsorption models. The value of qm from the Langmuir

model was 71.59 mg g-1. The breakthrough curves were

significantly affected by flow rate, initial uranium(VI)

concentration and bed height. The column data were fitted

by the Thomas, Yan and BDST models. The Yan model

was best to fit the breakthrough curves at experimental

conditions using nonlinear regressive analysis.
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