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a b s t r a c t
The elimination of hexavalent chromium ions from laden aqueous solution using rice husk ash (RHA) 
as a biosorbent from rice husk (RH) was investigated based on different experimental parameters 
of the continual fixed-bed column system. Fourier transform infrared spectrometry and scanning 
electron microscopy (SEM) were used to characterize RHA and RH. The result of varied parameters 
such as bed height (2.5, 4.3 and 5.8 cm), influent flow rate (5, 10 and 15 mL/min) and initial hexavalent 
chromium concentrations (50, 100 and 150 mg/L) seemed to be researched. The exhaustion period 
elevated with an increasing in bed height but reduced with a decreasing of both flow rate and initial 
concentration. The Thomas, Yoon–Nelson, Adams–Bohart mathematical models were successfully 
utilized to the biosorption within different experimental parameters conditions to predict the break-
through curves and to assess the model experimental parameters of the fixed-bed column, which are 
valuable for process design. Yoon–Nelson model was found suitable for describing the experimen-
tal data than Thomas and Adams–Bohart models. The performance of RHA column investigation 
states the value of the good biosorption capacity for elimination of hexavalent chromium from laden 
aqueous solution.
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1. Introduction

Several poisonous heavy metal ions released via vari-
ous manufacturing industries are one of the major causes of 
water pollution. Heavy metal residues within polluted hab-
itats may perhaps accumulate throughout microorganisms, 
aquatic flora and fauna, which in turn may possibly start the 
human food chain with serious disorders [1–4]. Chromium 
occurs in nature as Cr3+and Cr6+ [5]. The hexavalent chromium 
is mostly present in the form of dichromate and chromate 
ions are much more poisonous than Cr3+ [6]. Chromium 

waste is produced from several manufacturing processes, for 
example, electroplating, steel manufacture, leather dyeing, 
wood protection, textile coloring, paint, pigments, petroleum 
purifying procedures and so on [7]. According to the World 
Health Organization, the levels of hexavalent chromium in 
drinking water, internal surface water, and manufactur-
ing wastewater are 0.05, 0.1 and 0.25 mg/L, respectively [8]. 
Therefore, it is essential to reduce hexavalent chromium from 
water/wastewater, and it is vital that the discharges should 
be maintained before emitting hexavalent chromium into 
marine environments.
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The technology of adsorption was considered to be 
one of the most widespread technologies for metals ions 
removal from water pollution control because of low cost, 
ease of process and simplicity of design [9,10]. The applica-
tion of agro-wastes as biosorbents is presently obtaining wide 
care because of cheap owing to relatively high of percentage 
carbon content, its availability and porous structure. Several 
researchers have described the purpose of a continuous 
column packed with various kinds of biosorbents for the 
management of wastewater [11]. The use of the inexpensive 
and readily presented biosorbent was described to establish 
their efficacy on eliminating the metal from laden aqueous 
solution.

Rice husk ash (RHA) is prepared by pyrolysis of rice 
husk, which is a low-cost agrarian waste was obtained from 
the mills of rice after rice separation. RHA has good bio-
sorption and has been utilized for the elimination of heavy 
metals [12–14], different dyes [15,16], palmytic acid [17] and 
other compounds as chlorinated hydrocarbons [18].

Nakkeeran et al. [19] have reported that the column bio-
sorption investigations were operated to test the ability of 
Strychnos nux-vomica tree fruit shell towards Cr(VI) removal 
from simulated aqueous solution. Effect of different factors 
such as bed height, flow rate inside the column and initial 
concentration of Cr(VI) in aqueous solution for removal of 
Cr(VI) were investigated. The results showed that Cr(VI) 
adsorption capacity (mg/g) marked up with the increase 
in bed height; decreased with raise in flow rate and initial 
concentrations of Cr(VI).

Saranya et al. [20] had published that the Cr(VI) removal 
was studied with Artocarpus heterophyllus peel as a biosor-
bent in batch and continuous mode. Continuous column 
studies at different feed flow rates, initial feed Cr(VI) con-
centration, and column bed height were optimized using 
simulated tannery effluents. Results of the present study 
depicted that Artocarpus heterophyllus peel biosorbent can 
be utilized for the removal of Cr(VI) from simulated and 
real effluents.

Rangabhashiyam et al. [21] described the removal of 
Cr(VI) from aqueous solution by a novel Swietenia mahogani 
fruit shell physically activated carbon (SMFS-PAC) was 
examined in a packed bed column study. The effects of signif-
icant parameters such as feed flow rate, bed height, and initial 
Cr(VI) concentration were studied. Column data obtained at 
different conditions were described using the Thomas, bed 
depth service time (BDST), Adams–Bohart, and Yoon–Nelson 
model in order to predict the breakthrough curves and to 
evaluate the model parameters of the packed bed column 
studies data. Among the models used, Thomas, BDST, and 
Yoon–Nelson model, respectively, fitted to the experimen-
tal data very well. The SMFS-PAC column study states the 
value of the good adsorption capacity for the removal of 
Cr(VI) from aqueous solution.

The present study was focused on the removal of 
hexavalent chromium from aqueous solutions in a fixed-
bed column using RHA. The hexavalent chromium uptake 
capacity of RHA was investigated as a function of various 
operating parameters such as flow rate, initial hexavalent 
chromium concentration, and bed height. The experimental 
data were utilized in three different kinetic models to find 
out the best fit.

2. Materials and methods

2.1. Adsorbate

A stock solution of hexavalent chromium (500 mg/L) 
was made by dissolving 1.4143 g of K2Cr2O7 in double 
distilled de-ionized water. All of the chemical substances 
are of analytical reagent grade.

2.2. Preparation of the RHA

Rice husk (RH) was chosen as a predecessor material 
for the production of RHA. A sample of rice husk (RH) was 
extracted from a local rice generator. The RH sample was 
pyrolysed in a muffle furnace at 700°C for 1 h in the pri-
vation of air. The prepared carbon pyrolysis sample was 
placed into DW and then isolated by filtering. The filtrate 
sample has soaked up again in an oven at 90°C for 1 d and 
finally, the particle of carbon was sieved to obtain particles 
size between 1 and 2 mm which was utilized for all the trials.

2.3. Column studies

Experiments of the column were carried for biosorption 
of hexavalent chromium at optimum pH 2.5, bed height, 
flow rate and initial hexavalent chromium concentration 
from a previous study [22–25]. The fixed-bed column was 
made of glass with a height of 20 cm and an internal diam-
eter of 1 cm. To analyse the influence of bed height, column 
was packed with either 1.5, 3 or 4.5 g of RHA to get a par-
ticular bed height of the sorbent (2.5, 4.3 and 5.8 cm of bed 
height) at 30°C and pH 2.5, keeping flow rate and initial 
hexavalent chromium concentration constant at 5 mL/min 
and 100 mg/L, respectively. To analyze the effect of concen-
tration, hexavalent chromium solution of known concentra-
tions either 50, 100 or 150 mg/L at 30°C and pH 2.5, keeping 
bed height and flow rate constant at 2.5 cm and 5 mL/min, 
respectively. To analyze the effect of flow rate, hexavalent 
chromium solution was flowing throughout the column 
at the desired flow rate either 5, 10 or 15 mL/min at 30°C 
and pH 2.5, keeping bed height and constant at 2.5 cm and 
100 mg/L. The samples of effluent were collected at regular 
periods to measure the concentration of hexavalent chro-
mium in the solutions. The flow in the fixed-bed column was 
carried out continuously until the effluent concentration of 
hexavalent chromium reached the same as the concentration 
of influent [26,27]. 

2.4. Analytical techniques

The hexavalent chromium was valued established on 
colorimetric technique via UV spectrophotometer (Shimadzu 
model 160A double-beam, Shimadzu Co., Japan) at 540 nm 
wavelength using 1,5-diphenyl carbazide technique when 
the pink complex created. This technique can verify hexava-
lent chromium in the range from 0.10 to 1.0 mg/L [11]. 

2.5. Column data analysis

The breakthrough curve is an important indicator to 
explain the adsorption performance of a column. Fig. 1 illus-
trates a perfect breakthrough curve, where the adsorption 
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happens on the surface of the bed, which is called the mass 
transfer zone. At the point when the volume of the liquid 
starts to move through the column, the mass transfer zone 
varies from 0% to 100% of the feed concentration. From a 
practical point of view, the saturation time, ts, is established 
when metal ions concentration in the effluent reaches 95% of 
the feed concentration. Breakthrough time, tb, is established 
when the metal ions concentration in the effluent reaches a 
determined value. The breakthrough curve is expressed as a 
function of the ratio of the hexavalent chromium concentra-
tion (mg/L) of the effluent to the hexavalent chromium ions 
concentration (mg/L) of the inlet, (Ct/C0), to the time (min) 
or volume (mL) after the flow started. The volume of the 
effluent, Veff (mL), was computed according to the following 
equation [28,29].

V Qteff total=  (1)

Here Q (the volumetric flow rate in mL/min), ttotal (the total 
flow time in min). The value of the total mass of hexa valent 
chromium sorbed, qtotal (mg), can be computed from the area 
under the breakthrough curve [30]: 

q Q C dtt
t

total
total

ad= =
=∫1 000 0,

 (2)

Here Cad (the concentration of hexavalent chromium 
removal in mg/L). Equilibrium metal uptake may be the 
optimum capacity of the column, qeq (mg/g), in the column is 
computed as the next:

q
q
Deq
total=  (3)

Here D (the dry weight of sorbent in the column in g).  
The total amount of hexavalent chromium entering 
column (mtotal) is computed according to the following 
equation [31]: 

m
C Q t

total
total= 0

1 000,
 (4)

And the removal percentage of hexavalent chromium can 
be got from Eq. (5) as follows:

Y
q
m

%( ) = ×total

total

100  (5)

3. Results and discussion

3.1. Characterization of prepared RHA biosorbent

The physicochemical characterization of biosorbent 
tests arranged has been done; the surface of RHA biosor-
bent arranged has been examined utilizing SEM (scanning 
electron microscope), to recognize the functional group in 
charge of adsorption Fourier transform infrared spectros-
copy (FTIR) examination was completed. The point zero 
charge pH(pzc) of RHA biosorbent, that is, the pH for which 
the surface charge is zero, is determined to utilize a method 
similar to that illustrated earlier [32]. Assuming that produc-
tion cost advantages exist by using rice husk based carbons 
instead of currently available commercial activated carbons, 
there is potential to create new demand for the husk-derived 
adsorbents, thus stimulating the market for them and wid-
ening their usage further. Egypt has abundantly available 
agricultural waste, such as rice husk, which has very little 
economic value and in fact, often creates a serious problem 
of disposal for local environment.

3.1.1. Scanning electron microscopy

The SEM micrographs for RH and RHA with magnifi
cation at 1,000 are shown in Fig. 2. SEM of RH demonstrates 
surface geology with no pore. SEM picture of RHA demon-
strates a porous structure in nature.

3.1.2. Fourier transforms infrared spectroscopy

Infrared spectroscopy gives us useful information about 
surface functional groups and the chemical structure of the 
samples. Fig. 3 exhibits the FTIR spectra of the RH and RHA. 
The characterization of rice husks by broadband between 
3,700 and 3,000 cm–1. The intense absorption band observed 
at 3,345 cm–1 can be assigned either to O–H stretching vibra-
tions in the water molecules, OH groups presented in lig-
nin, cellulose, and hemicellulose or to bonded by hydrogen 
bonds [33]. The band observed near 1,654 cm–1 is assigned 
to water molecules vibrations [34]. The position and asym-
metry of these bands at lower wave numbers, indicating 
the presence of strong hydrogen bonds. It presents signals at 
2,925 cm–1 which assigned to the symmetric and asym metric 
stretching vibrations of CH3 or CH2 group. The appearance 
of a peak at 1,716 cm–1 was related to the stretching vibra-
tions of C=O from the aldehyde groups of hemicellulose. 
The triplet in the IR spectra of rice husk recorded in the 
region 1,200–1,000 cm–1 was considered to result from the 
superposition of vibrations of the C–OH bond and Si–O 
bond in the siloxane (Si–O–Si) groups. 

The intense band at 1,100 cm–1 corresponds to the stretch-
ing vibrations of silicon–oxygen tetrahedrons. The high 
inten sity of this peak was probably caused by superposition 
of the stretching vibrations of the C–OH bond in the interval 

Fig. 1. Representation of a typical breakthrough curve.
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1,200–1,000 cm–1 and the stretching vibrations of the Si–O 
bond. The observed weak bands at 868 and 800 cm–1 ascribed 
to the symmetric and antisymmetric vibrations of the Si–O 
bonds in the silicon–oxygen network. The absorbance at 
455 cm–1 corresponded to bending vibration of siloxane 
bonds.

For FTIR spectra of RHA, Two bands at around 3,401 
and 1,080 cm–1 are assigned to the –OH vibrations and hence 
indicating the presence of surface hydroxyl groups and 
chemisorbed water. The band at 3,401 cm−1 is attributed to 
both free and hydrogen bonded O–H groups. The bands 
observed near 1,078 and 795 cm−1 are in correspondence to 
O-Si-O stretching and that at near 458 cm−1 to bending. [35].

3.1.3. Determine the point zero charge pH(pzc)

pH zero point charge (pHzpc) of RHS was determined 
by shaking 0.1 g of the RHS with 20 mL of 0.01 mol/L of 

KNO3 solutions are sited in various locked conical flasks. pH 
value is adjusted between 1 and 10 by adding HCl (0.1 M) 
or NaOH (0.1 M) and kept overnight under stirring at a 
temperature 30°C. The pH(zpc) of RHS is the point where 
the curve of final pH (pHf) against initial pH (pHo) crosses 
the line at (pHf) equal (pHo).

RHS pH at the point of zero charge (pHpzc) can also 
influence the ionic state of the functional group on the RHS 
surface. From the analysis, the estimate of pHpzc of RHS 
was determined to be 8 as shown in Fig. 4.

Below this pHpzc value, the surface gains a positive 
charge and above it, the surface is given with a negative charge 
and the surface is neutral at same pHpzc value. Hence, below 
this pHpzc value, the predominating charge on the RHS 
biosorbent surface is positive which entices the negatively 
charged chromate ions and hence, the removal percentage is 
more. But above this pHpzc value, RHS bio sorbent surface, 
as well as hexavalent chromium ions species, has a negative 

  

(a) (b)

Fig. 2. SEM of RH (a), RHA (b).

Fig. 3. FTIR of the RH and RHA.



S.M. Yakout et al. / Desalination and Water Treatment 170 (2019) 128–137132

charge, causing repulsions and this outcome in the sorption 
reduction [36].

Many previous studies using pH 2.5 for maximum 
removal of Cr(VI) from aqueous solution. Because Cr(VI) 
ions can exist as hydrogen chromate (HCrO4−) or dichromate 
(Cr2O7

2−) or chromate (CrO4
2−) depending on the pH of the 

system [37].
At acidic pH 2.5, the dominant species form of Cr(VI) is 

HCrO4−and as the pH increased other species forms Cr2O7
2−

or CrO4
2− predominate. Observed higher adsorption at lower 

pH can be attributed to a large number of H+ ions present 
at these pH values, which in turn neutralize the negatively 
charged hydroxyl group (–OH) on the adsorbed surface 
thereby reducing the hindrance to the diffusion of dichro-
mate ions. Reduction in adsorption above pH 6 may be pos-
sible due to the abundance of OH− ions causing increased 
hindrance to diffusion of Cr2O7

2− ions [7,38].

3.2. Effect of different bed height

The performances of RHS biosorbent at various bed 
heights were investigated at a constant initial concentration 
of hexavalent chromium at 100 mg/L and rate of flow at 
5 mL/min. As the bed height is raised, the total time (ttotal) 
demanded also increased, which can be recognized from 
the plotted breakthrough curves in Fig. 5. Results confirmed 
that the total time and breakthrough time obviously relied 
on the height of the column bed. Fig. 5 demonstrates that 
reduced height of the column bed leads to faster bed satu-
ration related to higher bed height. When bed height rises, 
hexavalent chromium percentage removal also raised from 
60.6% to 89.3% as in Table 1. These results are due to more 
contact time for the interaction between RHS biosorbent and 
hexavalent chromium [39]. Table 1 shows that the biosorp-
tion capacity was not influenced remarkably with respect 
to the increase in height of the column bed.

3.3. Effect of flow rate

Three variable initial flow rates viz. 5, 10 and 15 mL/min  
were investigated to examine the RHS biosorbent performing 

at a constant initial concentration of hexavalent chro-
mium, that is, 100 mg/L and a constant bed height of 4.3 cm. 
Diminution in breakthrough time as the rate of flow increased 
from 5 to 15 mL/min as shown in Fig. 6. Moreover, the 
total time (ttotal) and biosorption capacity reduced with 
increased flow rate; results for which are illustrated in 
Table 1. Removal percentage (%) of hexavalent chromium 
reduced from 87.1% to 47.6% with an increased rate of flow. 
This reduction in RHS biosorption capacity was caused due 
to the lowered time of contact between RHS biosorbent and 
hexavalent chromium [40].

3.4. Effect of initial Cr (VI) concentration

In the adsorption of hexavalent chromium to RHS 
bio sorbent, a change in inlet hexavalent chromium concen-
tration influenced the performing characteristics of the fixed-
bed column. The adsorption breakthrough curves attained by 
exchanging inlet hexavalent chromium concentration from 

Fig. 4. Plot for determination of zero point charge for the RHS 
biosorbent.
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Fig. 5. Effect of various bed height on the breakthrough curve 
of Cr (VI) adsorption on RHA. Conditions: initial Cr (VI) 
concentration 100 mg/L; flow rate 5 mL/min; pH 2.5.
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Fig. 6. Effect of various flow rates on the breakthrough curve of 
Cr (VI) adsorption on RHA. Conditions: bed height 4.3 cm; initial 
Cr (VI) concentration 100 mg/L; pH 2.5.
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50 to 150 mg/L at 5 mL/min flow rate and 2.5 cm bed height 
are given in Fig. 6. The breakthrough time of the RHS bio-
sorbent was decreased with an increasing initial hexavalent 
chromium concentration (Fig. 7). This could be explained by 
the fact that the driving force for adsorption is the hexava-
lent chromium concentration difference between the solution 
and the RHS biosorbent [41]. 

With the rise in the initial concentration of hexavalent 
chromium, total time (ttotal), as well as RHS biosorption capa-
city, increased as shown in Table 1. Such results are due to 
the existence of hexavalent chromium molecules on the 
formed film layer which demonstrated quick transfer at 
higher concentrations to the biosorbent surface; since there 
was a raise in the coefficient of mass transfer [42]. Table 1 
represents the removal percentage of hexavalent chromium 
reduced from 66.7% to 61% with the rise in initial hexavalent 
chromium concentration.

3.6. Breakthrough curve modeling

Successful column design for the adsorption process 
is the need for the breakthrough curve prediction for the 

effluent [26]. Several mathematical models have been applied 
in describing development and analysis of the lab-scale 
column reports for industrial applications [39]. Thomas, 
Yoon–Nelson and Adams–Bohart, models were used to 
develop the best model for expecting the dynamic perfor-
mance of the column.

3.6.1. Thomas model

One of the most general models is Thomas equation 
that is used in describing the interpretation of column data. 
This model assumed that adsorption equilibrium followed 
Langmuir-type isotherm and the adsorption process obeyed 
the pseudo-second-order reversible reaction kinetics. It also 
supposes when the limitations for diffusion of internal and 
external factors are absent [43].

Thomas model [44] infers plug flow performance in 
the column bed. It is widely used in describing the perfor-
mance hypothesis of the sorption process in the column. 
The linear equation of this model is written as in the 
following expression:

ln Th Th
Th

C
C

k mq
Q

k C t
t

0
0

01−








 = −  (6)

Here kTh (the Thomas rate constant in mL/min mg), 
q0

Th (the maximum adsorption capacity of hexavalent chro-
mium ions in mg/g), and t (the total flow time in min). 
Thomas model constants; kTh and q0

Th are determined by 
graph drawn of ln[(C0/Ct)–1] vs. time (t) (Fig. 8). 

Linear regression analysis was employed to calculate 
correlation coefficient and relative constants according to 
Eq. (6) and Thomas model parameters are represented in 
Table 2. As seen from this table, the correlation regression 
coefficient which is a good fit with the experimental data 
(>0.97) suggests that the Thomas model well described 
the continuous biosorption of hexavalent chromium in the 
fixed-bed column of RHA. The kTh values decreased with 
increasing bed height and initial hexavalent chromium ions 
concentration but increased with the increasing flow rate 
[45]. The values of q0

Th elevated with an increasing in both 
bed height and initial concentrations of hexavalent chro-
mium ions but decreased with flow rate [19].

Table 1
Parameters in a fixed-bed column for Cr (VI) adsorption by RHA

C0 (mg/ L) Q (mL/min) Z (cm) pH ttotal (min) Veff (mL) mtotal (mg) qtotal (mg) qeq (mg/g) Y% D (g)

100 5 4.3 2.5 390 1,950 195 170 56.6 87.1 3
100 10 4.3 2.5 300 3,000 300 161 53.5 53.5 3
100 15 4.3 2.5 210 3,150 315 150 50 47.6 3
100 5 2.5 2.5 330 1,650 165 100 66.5 60.6 1.5
100 5 4.3 2.5 390 1,950 195 170 56.6 87.1 3
100 5 5.8 2.5 450 2,250 225 201 44.4 89.3 4.5
50 5 2.5 2.5 420 2,100 105 70 46.7 66.7 1.5
100 5 2.5 2.5 330 1,650 165 100 66.5 60.6 1.5
150 5 2.5 2.5 240 1,200 180 110 73.3 61 1.5
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Fig. 7. Effect of initial Cr (VI) concentration on the breakthrough 
curve of Cr (VI) adsorption on RHA. Conditions: bed height 
2.5 cm; flow rate 5 mL/min; pH 2.5.
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3.6.2. Yoon–Nelson model

Yoon–Nelson model was used in describing the adsorp-
tion system of the column. At lower or higher time intervals 
of the breakthrough curve, this model can be used in reduc-
ing the fault causing of Thomas model [46]. Yoon–Nelson 
[47] is a simple model established on sorption of gases on 
activated carbon. This model assumes that the probability 
of a reduction in adsorption capacity is proportional to the 
sorbate breakthrough achieved onto the sorbent surface [48]. 
Yoon–Nelson model linearized form is expressed by the 
following equation:

ln YN YN

C
C C

k t kt

t0 −









 = − τ  (7)

Here kYN (the rate constant in min–1) and τ (the time 
required for 50% sorbate in min). The values of kYN and τ can 
be obtained from plotting of ln[Ct/(C0–Ct)] vs. t (Fig. 9). 

The values of the Yoon–Nelson model parameters were 
calculated and presented in Table 3, The Yoon–Nelson model 
plots were linear with high R2 values (>0.94). This indicated 

that Yoon–Nelson model validity for biosorption of hexava-
lent chromium with RHA.

As shown in Table 3, the kYN values elevated with an 
increase in both flow rate and initial concentration for hexava-
lent chromium adsorption. Whilst the 50% breakthrough 
time τ values are increased with increasing in bed height and 
decreased as the initial hexavalent chromium concentration 
increased. This due to column saturation occurring more 
quickly [26]. Both Thomas and Yoon–Nelson models have 
high values of R2 that can be used to describe adsorption 
performance of packed column.

 Consistent with the Yoon–Nelson model, the efficiency 
of the biosorption process can be computed as the amount 
of metal ion sorbed in a packed column is half of the total 
metal ion fed into the column during 2 τ period [49]. In this 
case, for a given bed, q0

YN is the column sorption capacity 
in the Yoon–Nelson model that can be computed with the 
following equation:
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Fig. 8. Thomas model plots.
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Fig. 9. Yoon–Nelson plots.

Table 2
Parameters of Thomas model under different conditions using linear regression analysis

C0 (mg/L) Q (mL/min) Z (cm) pH kTh (mL/mg min) q0
Th (mg/g) R2

100 5 4.3 2.5 0.000143 50.69 0.984
100 10 4.3 2.5 0.0001808 85.73 0.972
100 15 4.3 2.5 0.0002437 88.94 0.970
100 5 2.5 2.5 0.0001999 100.05 0.973
100 5 4.3 2.5 0.000143 50.69 0.984
100 5 5.8 2.5 0.00014061 48.59 0.981
50 5 2.5 2.5 0.0003416 68.79 0.988
100 5 2.5 2.5 0.0001999 100.05 0.973
150 5 2.5 2.5 0.0001479 104.77 0.988
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Here C0 (the initial concentration of hexavalent chromium 
ions in mg/L), Q (flow rate in mL/min), M (the weight of sor-
bent in g) and τ (the time required for 50% sorbate break-
through). The values of q0

YN elevated with increasing bed 
height and initial concentrations of hexavalent chromium 
ions but decreased with flow rate [50].

3.6.3. Adams–Bohart model

Adams and Bohart [51] using surface hypothesis explai-
ned a fundamental equation and it describes a dynamic rela-
tionship between Ct/C0 and t in a packed column. It supposes 
that adsorption equilibrium is not an instant phenomenon. 
It is often applied to describe the initial part of the obtained 
breakthrough curve. Adams and Bohart model linearized 
form is expressed using the following equation:

ln AB AB

C
C

k C t k N Z
U

t

0
0 0

0

= −








  (9)

Here C0 (initial hexavalent chromium concentration), 
Ct (effluent hexavalent chromium concentration at selected 
time t in mg/L), kAB (Adams–Bohart kinetic constant in 
L/mg min), N0 (the saturation concentration in mg/L), Z 
(the bed height of the fixed-bed column in cm), U0 (the 
linear velocity in cm/min). The time is taken in the range 
of the breakthrough curve from the beginning to the end. 
The values of kAB and N0 are obtained from plotting of 
ln (Ct/C0) vs. t (Fig. 10). 

Linear regression analysis was used for computing kAB 
and N0 values, which is presented in Table 4. The correla-
tion coefficients values of Thomas model ranging from 0.97 
to 0.98 provided a better fit of the data comparing with 
Adams–Bohart model. It is observed from Table 4 that the 
values of kAB reduced with increasing initial hexavalent chro-
mium concentrations and flow rates but elevated with an 
increasing bed heights. It was indicated that the overall pro-
cess kinetics was controlled by external mass transfer during 
the initial part of the sorption process in the column [52]. 
This model provides thorough and simple approach to run 
and evaluate the biosorption of hexavalent chromium ion in 
RHA-packed column; nevertheless, its validity is limited in 
the range of conditions used [30].

The Thomas, Yoon–Nelson, and Adams–Bohart models 
were used to predict the breakthrough curves of the bio-
sorption process (Fig. 11). At all experimental conditions, the 
predicted curves proposed by Yoon–Nelson model were in 
sensibly better agreement with the empirical curves than the 
Thomas and Adams–Bohart models. 

It is observed that breakthrough curves at the lower and 
high time, the fitted curves of the Adams–Bohart model 
were far away from experimental data. Therefore, the Yoon–
Nelson model was appeared to agree to predict the hexava-
lent chromium ions column biosorption better than the 
Thomas and Adams–Bohart models. The q0

YN values are closer 
for qeq values in Table 1 than q0

Th values and values of τ can 
be compared with values of t experiments in Table 3 which 
indicated that the Yoon–Nelson model can describe the col-
umn kinetics more than Thomas and Adams–Bohart models 
which corresponds to several scientists studied the removal 
of metal by biosorption in the packed column [53,54].

4. Conclusion

The RHA was used for the biosorption of hexavalent 
chromium ions from aqueous solution by fixed-bed column. 

Table 3
Parameters of Yoon–Nelson model under different conditions using linear regression analysis

C0 (mg/L) Q (mL/min) Z (cm) pH kYN (min–1) τ min t exp min q0
 YN (mg/g) R2

100 5 4.3 2.5 0.0142 232.39 210 58.09 0.982
100 10 4.3 2.5 0.01805 113.57 180 56.78 0.962
100 15 4.3 2.5 0.02654 71.59 120 53.69 0.973
100 5 2.5 2.5 0.01955 148.33 180 74.16 0.971
100 5 4.3 2.5 0.0142 232.39 210 58.09 0.982
100 5 5.8 2.5 0.014051 270.44 270 45.07 0.977
50 5 2.5 2.5 0.01703 211.39 260 52.84 0.985
100 5 2.5 2.5 0.01955 148.33 210 74.16 0.970
150 5 2.5 2.5 0.022 109.09 120 81.81 0.973
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Fig. 10. Adams–Bohart plots.
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Hexavalent chromium ions uptake carried out by a fixed-bed 
column was seemed to be dependent on the bed height, ini-
tial hexavalent chromium ions concentration, and flow rate. 
The biosorption capacity was elevated with an increasing in 
bed height but reduced with increasing initial concentration 
and flow rate. The performance of the column process was 
achieved better at larger bed height, lower flow rate and lower 
initial hexavalent chromium ions concentration. Thomas, 
Yoon–Nelson, and Adams–Bohart mathematical models 
were successfully used to predict the experimental break-
through curves. Yoon–Nelson model was found suitable for 
describing of RHA breakthrough curves than Thomas model 
under various column conditions. It is considered an econ-
omy technique for removal of hexavalent chromium ions in 
manufacturing effluent management technique.
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