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Abstract 

Industries commonly produced a large scale of wastewater that consisted of hazardous materials such heavy metals. Recently, 

one of popular methods for wastewater treatment was adsorption system using biosorbent. Sago bark (Metroxylon sagu) was a 

solid waste remained from sago starch industry. It contained various functional group such as carbonyl and hydroxyl groups 

that could be utilized to resolve wastewater containing metal ions. Removal of Cr(VI) and Pb(II) using sago bark (Metroxylon 

sagu)  have been investigated by a fixed bed column reactor. The effect of flow rate (2, 4, 6 mL/min) and bed depth (3, 6, 9 cm) 

was examined in order to observe column performance (15x1 cm id). The result revealed that the lower flow rate and the higher 

bed depth delayed the breakthrough time and exhaustion time. Thus, the optimum conditions were achieved at 2 mL/min of 

flow rate and 9 cm of bed depth for both metal ions. The equation of Thomas, BDST and Yoon-Nelson models was carried out 

to evaluate the breakthrough curve. The repeatability and regeneration of sago bark were analyzed by HNO3 0.01 M within 3 

cycles. It means that sago bark has a promising ability to remove Cr(VI) and Pb(II) ions in solution. 
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1. Introduction 

Industrial growth has been contributed to 

environmental issue due to the generation of either 

liquid or solid waste as secondary product after 

industrial processing. Approximately, 1.15 tons waste 

produced were not processed in Indonesia [1].  

Recently, heavy metal waste has become a threat to the 

wide world. Heavy metal exposure is able to defect the 

environment, animals, and human. These heavy metals 

enter the human body through the food chain, water or 

other daily activities. Heavy metal such as lead 

(Pb(II)) and chromium (Cr(VI)) is presented in various 

industries like tanning, mining, batteries, 

electroplating, paint and so forth [2]. Pb(II) gather in 

the body and poison biological activities of living 

organism that harm kidney, liver, and etcetera. 

Whereas, chromium in Cr(VI) oxidation state is highly 

soluble rather than Cr(III) oxidation state. Cr(VI) 

forms a hexavalent chromium ion that highly toxic due 

to its mobility that causes a mutagenic, carcinogenic 

and other harmful diseases  [3–5]. Considering its 

negative effect, various methods have been conducted 

to treat heavy metal wastewater so that it is feasible to 

be discharged to the environment.  One of them is 

adsorption. Adsorption is an accumulation of 

compound in the liquid/gas phase on the solid surface. 

This method utilizes an adsorbent  commonly come 

from waste such as agricultural waste or biomass for 

example pensi shell [6], Neplhelium lappaceum [7], 

Macrocystis pyrifera and Undaria pinnatifida [8], 

Swietenia Mahogani fruit shells [9], oil palm fibre 

[10], immobilized citrus peels [11], residue allspice 

[12] and so forth. All of the adsorbent mentioned 

above own the advantages of adsorption method. It is 

low cost, easy to prepare, no secondary waste, efficient 

for the low metal ion concentration, and simple [9, 12].  

The adsorption of Cr(VI) and Pb(II) using sago bark 

(Metroxilon sagu) has been performed by previous 

research employing the batch system [13, 14]. The 

batch system provides information regarding the 
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equilibrium and kinetic mechanism. Unfortunately, 

this system is unable to be applied to industrial 

purpose because the volume treated is constant/limited 

giving lower driving force and the gradient 

concentration does not exist [5, 15]. Therefore, the 

column system is required to evaluate the adsorbent 

efficiency through the breakthrough curve shape. The 

breakthrough performance implies the probability of 

adsorbent for industrial application [8, 9, 12]. The 

previous research utilized stem tree of soybean to 

remove Pb(II) and Zn(II) has applied optimum 

condition that was obtained from batch system in 

continuous flow system. The adsorption capacity for 

both Pb(II) and Zn(II) was 12.44 mg/g and 6.75 mg/g, 

respectively [16]. Beside, sago bark was a solid waste 

from sago starch industry which generated about 1.5 

tons waste per day [17]. Therefore, it becomes a 

concern to overcome this problem as well. The 

purpose of the present research is to investigate the 

efficiency of sago bark for Cr(VI) and Pb(II) removal 

in fixed bed column. Some parameters are subjected to 

evaluate the adsorbent performance such as flow rate 

and bed depth. The breakthrough curve is described by 

Thomas, BDST and Yoon-Nelson models.  

 

2. Experimental Section 

Material and Adsorbent preparation  

Pb(II) and Cr(VI) solution were prepared by 

dissolving Pb(NO3)2 and K2Cr2O7 in distilled water. 

NaOH or HCl was used to adjust solution pH. HNO3 

was employed as chemical activator of adsorbent and 

glass wool. All the reagents were analytical grade 

purchased by Merk, Germany. Sago bark (Metroxylon 

sagu) was collected from the local area, West Sumatra, 

Indonesia. The sample was washed to remove dirt and 

then sundried. Dried sago bark was crushed to get fine 

size <160 µm. Sago bark powder was soaked in 0.01 

M HNO3 for an hour. Then, filtered and rinsed with 

distilled water until neutral pH. The powder was 

sundried to remove water.  

Fixed bed column procedure  

The fixed-bed column was carried out in a glass 

column (15 cm length and 1 cm inner diameter). Some 

parameters were studied to evaluate fixed-bed column 

performance such as flow rate (2, 4, 6 mL/min), 

adsorbent mass (0.5;1;1.5 g), and adsorption-

desorption cycles. pH and initial concentration of 

metal ions have been studied in the batch system. 

These optimum conditions were employed to evaluate 

the ability of sago bark in column system since 

dynamic system more practical in industry. Optimum 

conditions of Cr(VI) in the batch system were 

achieved at pH 3 and 1000 mg/L of Cr(VI) 

concentration [14]. Whereas Pb(II) reached the peak at 

pH 5 and 800 mg/L of Pb(II) concentration [13].  

 In the bottom of a column, glass wool was attached to 

prevent adsorbent loss during adsorption. The metal 

solution was pumped by a peristaltic pump.  The 

effluent was collected every 5 minutes for an hour. 

Metal ion concentration was measured by AAS 

(Atomic Absorption Spectrophotometer). The 

breakthrough time and exhaustion time were observed 

by plotting Ce/Co Vs time (breakthrough curve). Sago 

bark was characterized by FTIR (Fourier Transform 

Infra-Red), SEM (Scanning Electron Microscopy), 

and BET (Bruener Emmet-Teller).  

 

Column adsorption data modelling  

Thomas model 

The linearization of the Thomas model was derived by 

plotting ln (
Co

Ct
− 1)vs t. Thomas model stated that the 

adsorption process was reversible based on the 

second-order kinetic model with no axial dispersion 

[5, 18]. This model was represented by the following 

equation:  

ln (
Co

Ct

− 1) =  
kTHqo m

Q
− kTHCot                      Equation (1) 

Where Co and Ct were initial concentration and 

concentration of metal ion (mg/L) at the time (t). kTH 

was Thomas model constant (L/mg.min). qo and m 

were maximum adsorption (mg/g) and adsorbent mass 

(g), respectively. Meanwhile, Q was flow rate 

(mL/min).  

Yoon-Nelson  

This model gave information regarding the time 

required for 50 % breakthrough. This model was 

simple due to no detailed parameters needed. The 

Yoon-Nelson model was expressed by the given 

equation:  

ln (
Co

Co − Ct

) =  kYNt − kYN           Equation (2) 

Where kYN and  were Yoon-Nelson constant (min-1) 

and time required at 50 % of breakthrough (min) [18, 

19]. 

BDST (Bed depth service time)  

BDST model can be employed to the adsorption 

process without further experiment. It can predict the 

service time of adsorbent before it has to be 

regeneration or replaced, the ability of adsorbent to 

adsorb the certain amount of adsorbate [5, 18]. The 

relationship of each parameter was determined by the 

following equat  nion:  

t =
NoZ

Cou
−

1

KaCo

ln [
C0

Cb

− 1]                    Equation (3) 

  

Where No and Z were bed adsorption capacity (mg/L) 

and bed height (cm), respectively. Ka was BDST 

model rate constant (L/mg/min), u was the linear 
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velocity (cm/min), t was service time (min) and Cb was 

the concentration at the breakthrough (mg/L).  

 

3. Results And Discussion 

Adsorbent characterization  

The bark surface is observed by FTIR and SEM. 

FTIR spectra give spectra of functional groups 

existing in sago bark. The FTIR spectra of sago bark 

are given in figure 1. It showed that spectra range from 

3650 to 3200 cm-1 indicated the hydroxyl group (O-

H). The band within the range 3000-2850 cm-1 

suggested the C-H stretching. The peak at 1740-1600 

cm-1 represented the carbonyl group (C=O) and the 

peak at 1640-1550 cm-1 corresponded N-H bending 

(amine group). The hydroxyl and carbonyl group were 

contributed to form a complexation with Pb(II) by 

sharing their electron. Whereas, amine group (N-H) 

was considered to react with Cr(VI) [20]. Those were 

the common functional groups that ruled the 

adsorption process. The wavenumber of those 

functional group was shifted after contacting with 

Pb(II) and Cr(VI) ions marking the adsorption process 

occurred [21]. The SEM micrograph confirmed that 

the sago bark has a porous surface that supported the 

adsorption process to trap the metal ions on the surface 

and reduce the concentration of metal ion in the 

solution. After the adsorption process, the rough 

surface of sago bark changed. It became smoother and 

the availability of pores fell off (figure 2) [13, 14, 22]. 

According to BET analysis, the pore diameter of sago 

bark was 55.39 Å with the surface area of 4.845 m2/g. 

This pore was able to tie the metal ions since Cr(VI) 

(ionic radii 80 pm=0.8 Å) and Pb(II) (ionic radii 119 

pm=1.19 Å) have smaller ion radii [13, 14]. The 

efficiency of sago bark was affected by the metal ions 

properties as well such as the electronegativity, ionic 

radii, hydrated ion radii and so forth. These metal 

properties were contributed to the interaction between 

an adsorbent and metal ion either physical or chemical 

sorption [2, 13, 14, 23]. 

Flow rate effect  

Effect of flow rate was carried out based on optimum 

condition obtain in a batch system (pH 3, initial 

concentration 1000 mg/L and pH 5, initial 

concentration 800 mg/L). The bed-depth was kept 

constant at 6 cm (1 g).  The breakthrough curve of 

Cr(VI) and Pb(II) sorption were given in figure 3. It 

could be observed that breakthrough time (tb) and 

exhaustion time (te) became shorter as the flow rate 

increased for both metal ions. The longer breakthrough 

time, the longer adsorbent can be used before it 

became saturated and has to be replaced or 

regenerated.  Exhaustion time (te) of Cr(VI) sorption 

decrease from 15 minutes at 2 mL/min of flow rate to 

5 minutes at 6 mL/min of flow rate. The breakthrough 

of Pb(II) sorption showed that lower flow rate (2 

mL/min) could delay exhaustion time up to 15 minutes 

and 6 mL/min of flow rate accelerated the exhaustion 

time to 5 minutes. The removal efficiency of sago bark 

for Cr(VI) removal from the lower to the higher flow 

rate was 92.86 %, 89.55 %, and 79.60 %, respectively. 

While the removal of Pb(II) with sago bark showed a 

reduction from 92.75 % to 79.50 % when the flow rate 

increased from 2 mL/min to 6 mL/min (table 1).  Fast 

saturation time was induced by the short residence 

time of metal ion in contacting with adsorbent due to 

the higher flow rate. Metal ions left the column before 

adsorption was complete and reached equilibrium [24–

26]. Moreover, the higher flow rate decreased the 

external of mass transfer resistance leading the 

saturation of adsorbent [27, 28].  Therefore, the lower 

flow rate (2 mL/min) was chosen for further use. The 

previous research also found the same result [10, 24, 

25].  

Figure 3. Breakthrough curve for adsorption of (a) Cr(VI) and (b) Pb(II) at different flow rate 
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Bed depth effect  

Figure 4 represented the breakthrough curve for 

Cr(VI) and Pb(II) sorption carried out at flow rate 2 

mL/min and various bed depth 3 cm (0.5 g), 6 cm (1 

g) and 9 cm (1.5 g) for each metal ions. The initial 

concentration and pH solution were kept constant at 

1000 mg/L, pH 3 for Cr(VI) and 800 mg/L and pH 5 

for Pb(II), respectively. It exhibited that longer bed-

depth was able to delay breakthrough time (tb) and 

exhaustion time (te). At highest bed-depth, Cr(VI) 

sorption achieved the breakthrough time (tb) at 10 

minutes and became exhausted after 20 minutes. 

Meanwhile, Pb(II) sorption reached breakthrough time 

(tb) and exhaustion time (te) after 10 minutes and 30 

minutes, respectively at the highest bed-depth as well. 

Since the longer bed depth gave enough time for metal 

ions to diffuse into sago bark pore, it increased the 

opportunity of metal ions to interact with active site 

existed in sago bark [29]. Furthermore, as bed depth 

increased, the surface area increased providing a lot of 

active site to bind metal ion [30–32]. The adsorption 

efficiency of sago bark was 19.90 mg/g for Cr(VI) and 

21.20 mg/g for Pb(II). The adsorption capacity for 

Pb(II) ion was higher than Cr(VI) ion because the 

electronegativity, ionic radii, hydrated ion radii of 

each metal ions. The electronegativity of Pb(II) 

(2.33) > Cr(VI) (1.66). This behaviour strongly 

assisted the interaction between functional group 

existing in adsorbent such as O-H (hydroxyl group) 

and C-O (carbonyl group) to form a complexion, ion 

exchange or electrostatic interaction [2, 23]. 

 

Application of column mathematical model  

The data of column adsorption were executed by 

Thomas, Yoon-Nelson and BDST model. Table 3 

showed the parameters involved in Thomas and Yoon-

Nelson models. The Thomas constant (KTH) decreased 

when the flow rate and the bed depth increased. It 

revealed that the qo predicted by Thomas close to qe 

obtained from experiment (table 1). This suggested 

that Thomas model was suited to describe the 

mechanism of Cr(VI) and Pb(II) removal using sago 

bark. It represented that external and internal diffusion 

were not rate limiting step [33]. The Yoon-Nelson 

constant (KYN) is given in table 3 and 4. The Yoon-

Nelson constant (KYN) increased as the flow rate and 

bed depth increased. The time required for 50 % 

breakthrough () declined at the higher flow rate. In 

reverse, when bed depth increased from 3 to 9 cm, the 

time required for 50 % breakthrough () increased as 

well. This result indicated that the higher bed depth 

provided the longer mass transfer zone delaying the 

adsorbent sauration [19]. Whereas, The BDST model 

revealed a good agreement (R2) for both metal ions 

indicating the external mass transfer dominance (table 

4) [5].   

 

 

 

 

Figure 4. Breakthrough curve for adsorption of (a) Cr(VI) and (b) Pb(II) at different bed-depth    

(a) (b) 
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Adsorption desorption cycles  

The adsorption-desorption study was conducted to 

evaluate the repeatability of adsorbent after several 

times. The resistance of adsorbent will determine the 

cost during wastewater treatment. The desorption of 

metal ions from sago bark was performed by HNO3 

0.01 M. The bed depth was 9 cm (1.5 g) with inlet 

concentration 800 mg/L for Pb(II) and 1000 mg/L for 

Cr(VI). The metal solution streamed down the column 

at 2 mL/min of flow rate and the outlet was collected 

every 5 minutes. The distilled water was employed to 

remove the residual acid. Figure 5 revealed the 

repeatability of sago bark on Pb(II) and Cr(VI) 

sorption. It can be seen that the breakthrough time and 

(a) 

(b) 

(c) 

Figure 1. FTIR spectra of sago bark (a) before sorption and after (b) Pb(II);(c) Cr(VI) sorption  

(a) (b) 

Figure 2. SEM image of sago bark (a) before sorption and after (b) Pb(II) sorption; (c) Cr(VI) sorption, magnification 

1000 times  

(c) 
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exhaustion time was shorter after the third cycles. The 

adsorption capacity of sago bark declined from 26.50 

mg/g at the first cycle to 16.53 mg/g at the third cycles 

for Pb(II). Whereas, for Cr(VI) the adsorption capacity 

went down from 19.90 mg/g to 4.79 mg/g at the first 

and the third cycles, respectively (table 2). The 

decrease in adsorption capacity is related to the 

saturation of active site to adsorb metal ions. Although 

the desorption process has performed by HNO3 0.01 

as a desorbing agent, there were the ions that were 

chemically attached on active site resulting in the 

number of vacant surfaces remains less. Therefore, the 

adsorption capacity decreased [33].  

 

 

 

Table 1.Cr(VI) and Pb(II) sorption parameters in a fixed bed column 

Metal ion 
Flow rate 

(mL/min) 

Bed depth 

(cm) 

tb 

(min) 

te 

(min) 

AER 

(g/L) 

EBRT 

(s) 
BV 

MTZ 

(cm) 

Ce 

(mg/L) 

qtotal 

(mg) 

mtotal 

(mg) 

qe 

(mg/g) RE (%) 

Cr(VI) 

2 6 1 15 33.33 12.73 0.42 5.6 71.33 27.86 30 27.86 92.86 

4 6 1 10 25 12.73 0.84 5.4 104.5 35.82 40 35.82 89.55 

6 6 1 5 33.33 12.73 1.27 4.8 204 23.88 30 23.88 79.60 

2 3 1 5 50 25.47 0.84 2.4 204 7.96 10 15.92 79.60 

2 6 1 15 33.33 12.73 0.42 5.6 72.66 27.82 30 27.82 92.73 

2 9 10 20 37.50 84.92 2.83 4.5 253.75 29.85 40 19.90 74.62 

Pb(II) 

2 6 1 15 33.33 12.73 0.42 5.6 58 22.26 24 22.26 92.75 

4 6 1 10 25 12.73 0.84 5.4 84.50 28.62 32 28.62 89.43 

6 6 1 5 33.33 12.73 1.27 4.8 164 19.08 24 19.08 79.50 

2 3 1 5 50 25.47 0.84 2.4 126 6.74 8 13.48 84.25 

2 6 1 15 33.33 12.73 0.42 5.6 58 22.26 24 22.26 92.75 

2 9 10 30 25 84.92 2.83 6 270 31.80 48 21.20 66.25 

Table 2.  Adsorption capacity of sago bark after adsorption desorption cycles 

Metal 

ion 

Number of 

cycle 

Flow rate 

(mL/min) 

Bed 

depth 
(cm) 

tb 

(min) 

te 

(min) 

AER 

(g/L) 
EBRT (s) BV 

MTZ 

(cm) 

Ce 

(mg/L) 

qtotal 

(mg) 

mtotal 

(mg) 

qe 

(mg/g) RE (%) 

Cr(VI) 

1 2 9 10 25 30 127.38 4.24 5.4 403 29.85 50 19.90 59.70 

2 2 9 1 15 50 12.73 0.42 8.4 161 25.17 30 16.78 83.90 

3 2 9 1 5 150 12.73 0.42 7.2 281 7.19 10 4.79 71.90 

Pb(II) 

1 2 9 10 35 21.42 127.38 4.24 6.42 232.14 39.75 56 26.50 70.98 

2 2 9 5 25 30 63.69 2.12 7.20 138.60 33.07 40 22.04 82.67 

3 2 9 5 20 37.50 63.69 2.12 6.75 180 24.08 32 16.53 77.50 

(a) 

Figure 5. Adsorption-desorption cycle of (a)Pb(II) and (b) Cr(VI) on sago bark 

(b) 
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Table 3. Thomas and Yoon-Nelson model parameters at different flow rate and bed depth for Cr(VI) and Pb(II) removal 

 

Metal ions    
Flow rate 
(mL/min)  

Z (cm) 

Thomas Yoon-Nelson 

KTH (L/mg.min) qo (mg/g) R2 KYN (min-1)  (min) R2 

Cr(VI) 

2 6 2.85x10-4 24.02 0.8892 0.2852 12.01 0.8892 

4 6 3.46x10-4 32.52 0.7607 0.3465 8.12 0.7607 

6 6 3.77x10-4 36.58 0.6241 0.4377 5.26 0.6241 

2 3 1.83x10-4 17.78 0.5677 0.1830 4.45 0.5677 

2 6 2.85x10-4 24.02 0.8892 0.2852 12.01 0.8892 

2 9 4.53x10-4 20.15 0.9454 0.4537 15.11 0.9454 

Pb(II) 

2 6 6.61x10-4 17.81 0.8902 0.5281 11.13 0.8902 

4 6 6.52x10-4 34.69 0.8307 0.5593 10.12 0.8307 

6 6 
6.52x10

-4

 
34.69 0.8307 0.5593 10.12 0.8307 

2 3 
4.14x10

-4

 
18.68 0.7790 0.3552 3.63 0.7790 

2 6 
5.25x10

-4

 
27.69 0.7311 0.4601 7.89 0.7311 

2 9 
6.61x10

-4

 
17.81 0.8902 0.5281 11.13 0.8902 

 
 
Table 4. BDST parameters for Cr(VI) and Pb(II) removal  

Metal ions 

BDST 

No (mg/L) Ka (L/mg.min) R2 

Pb(II) 8489.39 -6.082x10-5 0.9868 

Cr(VI) 6366.75 2.441x10-4 0.9643 

4. Conclusion 

The result revealed that the lower flow rate and the 

higher bed depth delayed the breakthrough time and 

exhaustion time. The optimum conditions were 

achieved at 2 mL/min of flow rate and 9 cm of bed 

depth for both metal ions. The breakthrough curve was 

properly explained by Thomas, Yoon-Nelson, and 

BDST model. The sago bark was successfully 

regenerated using HNO3 0.01 M. It means that sago 

bark has a promising ability to remove Cr(VI) and 

Pb(II) ions in solution. 
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