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ABSTRACT 

The presence of boron beyond the allowable limit in water bodies can pose a dangerous 

risk to all living organisms. In order to increase the adsorption capacities of composite 

beads of mangrove bark, alginate and zeolite (MAZC) to remove boron from aqueous 

solution, pretreatment of mangrove bark using sodium hydroxide solutions at a temperature 

of 60°C was conducted. The surface characterizations of the beads were conducted using 

Fourier transform infrared spectroscopy (FTIR), Brunauer-Emmett Teller (BET) and 

scanning electron microscope with energy dispersive X-ray spectroscopy (EDX) before 

and after boron adsorption. The results showed that the BET surface area of MAZC beads 

increased due to modification of the mangrove bark during pretreatment process. The 

effects of pH, temperature, adsorbent dosage and contact time on the boron uptake were 

then evaluated using batch studies. It was found that the maximum adsorption of boron was 

83.3% occurred at pH 5, 24 h contact time, 12 g of adsorbent dosage and at a temperature 

of 27°C. Thermodynamic studies indicated the spontaneous and exothermic nature of 

adsorption process. Langmuir isotherm model best described the experimental adsorption 

data with maximum adsorption capacities of 6.964 mg/g. The kinetic data were best 

described by the pseudo-second order model (R2 = 0.9998). These results indicate that the 

pretreatment of mangrove bark can optimize the removal of boron from aqueous solution. 
 

Keywords: Boron; adsorption; mangrove; isotherm study; kinetic study.  

 

1.0 INTRODUCTION 

Malaysia is a well-known global exporter of petrochemical products. The key reasons 

attributed to the rapid growth of this industry are the availability of oil and gas as 

feedstock, well-developed infrastructure and a strong base of supporting services (Foo & 

Eng, 2015). The industry nevertheless constantly produces a substantial amount of 

wastewater which holds various pollutants as a result of chemical processes. Among the 

elements found in the petrochemical effluent is boron (Ismail et al., 2013). Boron and its 

compounds have also been popularly used as one of the chemicals involved in hydraulic 

fracturing as a crosslinking agent (Sari & Chellam, 2015), during oxidation of 

hydrocarbons and as a catalyst (Thompson, 1974). The highest limit of boron needed by 

an adult human being is only 20 mg/day and it can be toxic beyond this limit. World 

Health Organization (WHO) has suggested the amount of boron in drinking water must 
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be below 2.4 mg/L. In Malaysia, Malaysia Environmental Quality Regulation set that the 

acceptable limit for boron discharge from industrial wastewater has to be limited to only 

4 mg/L. Therefore, removal of boron from the petrochemical wastewater is paramount 

prior to discharging it into the stream or river. 

 

A number of technologies have been developed to remove boron from wastewater such 

as chemical precipitation (Shih et al., 2014), reverse osmosis (Rahmawati et al., 2012), 

ion exchange (Yilmaz et al., 2005) and ultrafiltration (Yürüm et al., 2013). However, most 

of these conventional treatments are ineffective for low concentration of metals ions, 

involve sludge disposal problems and incur high cost to be practised (Mirbagheri & 

Hosseini, 2005). Of many separation techniques, adsorption has received generous 

attention from the industrial players due to its process simplicity and low-cost 

characteristics. Activated carbon (Kluczka et al., 2007), fly ash (Öztürk & Kavak, 2005), 

modified clays (Karahan et al., 2006), palm seed ash (Al.Haddabi et al., 2016) and mineral 

sorbents (Jalali et al., 2016) are some adsorbents used in previous studies for boron 

removal. 

 

This study proposes to develop a novel composite adsorbent which is made up of 

mangrove bark (Rhizophora apiculata), sodium alginate and natural zeolite. In Malaysia, 

mangrove bark can be easily obtained from timber industry at a low price and has proven 

to have good adsorption ability on the removal of heavy metal. The performance of the 

mangrove can further be enhanced by treating the bark with suitable chemicals such as 

acid or base to increase the proportion of actives surfaces and to avoid leaching of tannin 

compounds (Emin Argun & Dursun, 2006). Alginate, the main component of brown algae 

is a polysaccharide biopolymer consist of anionic blocks of 1,4 linked d α-L-gluronic acid 

(G) and β-D-mannuronic acid (M) (Papageorgiou et al., 2006). Alginate is a very potent 

metal chelator and has a gelling ability which enables it to act as a binder. Zeolite is 

microporous crystalline aluminosilicates where aluminium, silicon and oxygen are 

arranged such that they assemble SiO4 and AlO4 tetrahedral units forming a honeycomb 

structure with small pores about 0.1–2 nm diameter (Chester & Derouane, 2009). Zeolite 

has a high ion exchange capacity, molecular sieve properties and also a high surface area.  

 

Despite their individual effectiveness in heavy metal removal from aqueous solution, no 

studies have been carried out on boron removal using the combination of these three 

materials. Therefore, the effectiveness of mangrove-alginate-zeolite composite (MAZC) 

beads to remove boron from synthetic petrochemical wastewater is investigated in the 

present study. The surface characterizations of the beads were conducted using Fourier 

transform infrared spectroscopy (FTIR), Brunauer-Emmett Teller (BET) and scanning 

electron microscope with energy dispersive X-ray spectroscopy (EDX) before and after 

boron adsorption. Next, the adsorption performance of the beads was studied at different 

parameters such pH, temperature, adsorbent dosage and contact time in batch 

experiments. Moreover, the thermodynamic, isotherm and kinetic studies were also 

evaluated. 

 

2.0 MATERIAL AND METHODS 

Sample collection 

The wastewater was collected 100 m downstream from petrochemical refinery in Kerteh, 

Terengganu. The wastewater was stored in a cold room (4°C) before used. Inductively 

coupled plasma optical emission spectrometry (ICP-OES) was used to determine the 
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concentration of boron in the petrochemical wastewater. However upon analysis, it was 

found that the concentration of boron was only 0.351 mg/L. This is due to the wastewater 

that could have been treated before collection. Since the concentration of boron was really 

low, the sample cannot be further used to run the experiment as it would not able to 

characterize the true performance of the adsorption process. In this regard, aqueous 

solution of boric acid, H3BO3 was used and its concentration was adjusted according to 

the real wastewater from the past study (Ariffin et al., 2012).  

 

Materials 
Aqueous solution of H3BO3 with concentration of 15 mg/L boron was prepared by using 

stock solution of H3BO3. The mangrove bark (Rhizophora Apiculata) was collected from 

a charcoal factory in Kuala Sepetang, Perak, Malaysia. Zeolite (clinoptilolite) used in this 

study was purchased from Avas Export-Import Malaysia Sdn Bhd. Sodium alginate was 

purchased from R&M Chemicals (Selangor, Malaysia). Other chemicals such as sodium 

hydroxide, nitric acid, boric acid and calcium chloride were purchased from SYSTERM 

(Selangor, Malaysia). 

 

Preparation of adsorbent (MAZC) 

Firstly, the mangrove bark (MB) was extensively washed with distilled water before 

drying under sunlight for a few days to remove any contaminants. Next, the dried (MB) 

were then crushed, ground into small powder and sieved into 250 μm sizes manually to 

increase its surface area. Next, 25 g of the sieved bark powder was chemically treated 

with 500 mL of 0.1 M of NaOH for 2 h under continuous stirring at temperature between 

50°C and 60°C to increase binding sites availability for maximum adsorption capacity 

(Emin Argun & Dursun, 2006). The chemically modified (MB) were repeatedly washed 

again with distilled water until the pH of the solution became neutral. Then, the (MB) 

was filtered and oven-dried at 60°C for 24 h. The dried (MB) powder was kept in separate 

glass containers until used and labeled as heated (MB) powder. For comparison, another 

(MB) powder was prepared using the same procedure, except for using thermal treatment 

during modification with NaOH. Instead, the sieved (MB) powder was chemically treated 

with NaOH at room temperature. This dried (MB) powder was labeled as unheated (MB) 

powder. 

 

The granular zeolite was crushed and sieved into 250 μm sizes before being washed with 

distilled water followed by drying it in the oven at 120°C for 18 h. The dried zeolite 

powder was kept in the glass container until used. For alginate solution, 5 g of sodium 

alginate powder was weighed and dissolved in 200 mL distilled water under vigorous 

stirring. Next, 2.5 g of heated (MB) powder was added slowly into alginate solution 

followed by 2.5 g of zeolite powder and were left under continuous stirring using a 

magnetic stirrer at 200 rpm. The mixture was left for 24 h until it became homogeneous. 

A syringe pump (New Era-300 pump system, USA) was then used to form the beads with 

the diameter of 3.5–4.0 mm as shown in Figure 1. Upon coming out of the 10 mL syringes, 

the beads were dropped into 200 mL of 2 M of calcium chloride. The beads were then 

allowed to harden overnight. The resulting beads were then washed several times with 

distilled water to obtain neutral pH and later were allowed to dry on filter papers at room 

temperature for a few minutes. These beads were kept in glass containers for further 

experiments and labeled as heated MAZC beads. These steps were repeated using 

unheated (MB) powder and the resulting beads were assigned as unheated MAZC beads. 
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Characterization studies 

The initial and final concentration of boron was determined using inductively coupled 

plasma optical emission spectrometry (ICP-OES). The surface functional groups present 

in MAZC beads were determined using FTIR. The surface morphology of the adsorbents 

before and after adsorption process was conducted using SEM. The chemical 

compositions of MAZC beads were determined using EDX. The specific surface area and 

the pore distribution were measured using BET.  

 

 
Figure 1: Picture of MAZC beads (3.5–4.0 mm). 

 

Batch adsorption studies 

In the batch studies, 50 mL of aqueous solution of H3BO3 was added into each beaker 

with a known weight of heated and unheated MAZC beads and were agitated using jar 

test and orbital shaker. This initial concentration of aqueous solution was fixed at 15 mg/L 

throughout the experiments. The pH of the solutions was varied using sodium hydroxide 

and nitric acid to obtain pH values ranging from 3 to 10. The contact time was varied 

from 5 min to 24 h. The effect of adsorbent dosage was studied in the range of 8–12 g of 

adsorbent. The effect of boron removal at temperature of 27°C and 40°C was evaluated. 

Upon completion of the adsorption process, the beads were filtered and the final 

concentrations of boron were analysed using ICP-OES. The removal percentage of boron 

was calculated according to Eq. (1) where 𝐶𝑖 and 𝐶𝑓 (mg/L) are the initial and equilibrium 

concentrations of boron in aqueous solution. 

 

 𝑅 (%) =  
𝐶𝑖−𝐶𝑓

𝐶𝑖
𝑋 100     (1) 

The adsorption capacities of the adsorbent at equilibrium were calculated using Eq. (2) 

where qe is the amount of boron adsorbed per unit mass of adsorbent (mg/g). W is the 

weight of beads used (g) and V is the volume of aqueous solution (L). 

 

𝑞𝑒 =  (
𝐶𝑖−𝐶𝑓

𝑊
) 𝑉       (2) 

 

3.0 RESULTS AND DISCUSSION 

Surface characterization of MAZC beads 

Based on Figures 2 (a) and 3 (a), it can be seen that there is not much significant difference 

in terms of peaks because both beads were made of similar materials. Broad peaks were 

observed at frequency between 3381.43 cm −1 and 3379.63 cm−1 suggesting the presence 

of hydroxyl group (-OH stretch) that presented mainly in mangrove bark and sodium 

alginate. Besides, strong narrow peaks were also observed at adsorption bands 1638.21 

cm−1 for heated MAZC beads and 1638.38 cm−1 for unheated beads, which indicate the 

presence of carboxyl group (symmetric -COO- stretching vibrations). Slightly different 

FTIR spectra were recorded before and after adsorption of boron which attributed to the 
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reaction between aqueous solution and the functional groups on the surface of the 

adsorbent, resulting in the presence of new functional groups. After adsorption of boron, 

strong peaks spectrum of hydroxyl and carboxyl functional groups were still detected 

which indicate a very high concentration of these functional groups on the surface of 

MAZC beads. The bands which correspond to the OH groups have shifted to 3384.16 

cm−1 and 3384.81 cm−1 after boron uptake. At frequency 1736.60 cm−1 and 1737.53 cm−1 

for heated and unheated beads, respectively, sharp peaks were observed after boron 

adsorption which correspond to boron esters groups (C-O-C) (Bertagnolli et al., 2017). In 

addition, the appearance of the adsorption bands at 1368 cm−1 and 1372 cm−1 suggest the 

presence of the B-O link. Peak at frequency of 1030 cm−1 indicates the presence of 

asymmetric vibration of Si-O or Al-O which is assigned to zeolite compound on both 

surfaces of the beads (Suratman et al., 2017). Based on FTIR results, it can be seen that 

both hydroxyl and carboxyl functional groups are the main functional groups present on 

the surface of the MAZC beads which are responsible for the boron removal from aqueous 

solution. 

 

  
Figure 2: FTIR spectra of heated MAZC beads: a) before and b) after adsorption of 

boron. 

 

  
Figure 3: FTIR spectra of unheated MAZC beads: a) before and b) after adsorption of 

boron. 

 

From the SEM analysis, the surfaces of both beads were physically uneven and rough as 

depicted in Figures 4 and 5. However, a more porous surface structure was observed on 

the surface of heated beads as compared with the unheated beads. Characteristics such as 
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high surface roughness and high surface porosity could increase the percentage of boron 

uptake during adsorption process as the boron particles could easily get adsorbed on the 

beads surface (Wan et al., 2014). Morphologically, both beads showed rougher surfaces 

after boron uptake. Moreover, foreign particles were spotted on the surface which can be 

attributed to boron particles as shown in Figures 4 (b) and 5 (b).  

 

 
 

 

 
 

 

EDX analysis before adsorption process showed that the carbon (C) content was the 

dominant element in the beads as they were made of mangrove bark and sodium alginate 

which contain a high amount of C content.  Calcium (Ca) can be found from EDX analysis 

as the beads were immersed in the calcium chloride solutions during the hardening 

process. A very small amount of potassium (K) came from NaOH pellets that were used 

during pretreatment of mangrove bark.  Other than that, Al and Si were also observed on 

the spectrum as both elements made up the chemical structure of natural zeolite, forming 

SiO4 and AlO4 tetrahedral structure. As expected, no boron was detected on both of the 

composite beads before the adsorption process as no reaction involving boron had yet 

taken place. From Table 1, heated MAZC beads were able to adsorb more boron as 

compared to unheated beads with 4.42% of B by mass. Thus, heated MAZC beads have 

better capacities for removal of boron from aqueous solution as compared to unheated 

composite beads.  

 

The BET surface areas of heated and unheated MAZC beads before adsorption process 

were 13.4473 m2/g and 8.5740 m2/g, respectively as shown in Table 2. These surface 

areas were higher as compared to other adsorbents such as modified mangrove bark 

(3.453 m2/g) (Rozaini et al., 2010) and sodium alginate (3.974 m2/g) (Khan et al., 2014). 

Other than that, a high average pore diameter is also important to ensure the boron 

particles can be adsorbed into the adsorbent’s pore. In this case, the pore diameters of 

Figure 4: SEM images of heated MAZC beads: a) before and b) after adsorption of boron. 

b 

 

a 

Figure 5: SEM images of unheated MAZC beads: a) before and b) after adsorption of boron. 

a b 
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both composite beads were large enough for adsorption of boron into the beads’ pores. It 

is interesting to note that the surface area, pore volume and pore diameter of heated 

MAZC beads were higher than that of unheated beads which implied that the pretreatment 

of mangrove bark at higher temperature has improved the physical characteristics of the 

beads to increase the adsorption capacities by the composite beads. 

 

Table 1: Chemical composition of MAZC beads before and after adsorption of boron. 

 Before adsorption process After adsorption process 

Element 

Heated MAZC Unheated MAZC Heated MAZC Unheated MAZC 

Mass 

(%) 

Atom 

(%) 

Mass 

(%) 

Atom 

(%) 

Mass 

(%) 

Atom 

(%) 

Mass 

(%) 

Atom 

(%) 

C 58.70 73.88 57.59 73.16 52.99 63.50 57.56 73.42 

O 16.04 15.16 16.23 15.48 14.26 15.52 15.63 14.60 

Al 1.52 0.85 1.42 0.81 1.49 0.84 2.27 1.28 

Si 7.14 3.84 6.95 3.77 8.91 4.76 6.63 3.53 

K 0.38 0.15 0.31 0.12 0.53 0.21 0.34 0.13 

Ca 16.22 6.12 17.49 6.66 17.40 6.63 14.96 5.57 

B 0.00 0.00 0.00 0.00 4.42 8.54 2.61 1.47 

 

Table 2: BET analysis on heated and unheated MAZC beads before and after 

adsorption of boron. 
 

 

Batch adsorption studies 

Effect of pH 

In this study, the maximum percentage of boron removal from aqueous solution by heated 

MAZC was 83.3% which occurred at pH 5. For unheated MAZC, 65.2% of maximum 

boron removal was recorded at pH 7. For heated MAZC beads, the percentage of boron 

removal increased proportionally with pH until reaching the optimum pH at pH 5 before 

fluctuated between pH 6 and 10 with the percentage of boron removal varied from 73.1% 

to 62.7%. At pH 5, both H+ and OH− were in low concentrations to compete with borate 

ions which present in the solutions, thus favoured high boron uptake (Jalali et al., 2016). 

This finding was in agreement with the study conducted by Ariffin et al. (2012) when 

they found that the optimum pH for boron removal using chitosan also occurred at pH 5 

with 87.5% of boron were removed from raw wastewater. For unheated MAZC bead, 

more boron was removed as the pH of the solutions increased until it started to decrease 

after pH 7 due to high competition between borate ions and OH- ions for adsorption sites. 

A similar optimum pH was also recorded during removal of boron using POMB ash 

(Chieng & Chong, 2013). In the present experiment, the point of zero charge, pHzpc for 

heated and unheated MAZC beads were 7.74 and 7.20, respectively. 

 

At low pH values, the carboxylic groups in alginate are mostly in -COOH form and boron 

exist in a neutral form, causing a very low interaction with the adsorbent (Demey-Cedeño 

et al., 2014). Also, at the acidic condition, ion exchange takes place between H+ ions and 

Properties 
Heated MAZC beads Unheated MAZC beads 

Before After Before After 

Surface area (m2/g) 13.4473 0.1933 8.5740 0.3952 

Total pore volume (cm3/g) 0.4646 0.0044 0.2496 0.0055 

Average pore diameter (nm) 138.217 91.108 116.463 56.269 
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Ca2+ ions in the beads due to a higher concentration of protons, reducing the adsorption 

of boron by the beads. At increasing pH, the concentration of tetrahydroxyborate anion, 

B(HO)4
−  increases and becomes the dominant species as shown in Eq. (3). 

 

B (HO)3+ 2H2O ↔ B (HO)4
− + H3O

+    (3)  

 

Borate ions then react with OH- groups present in mangrove bark to form a strong 

complex through ligand exchange process (Jalali et al., 2016).  Since the surface of the 

beads becomes positively charged at pH < pHzpc, a stronger force of attractions occurred 

between the negatively-charged borate ions and the positively-charged surface of the 

adsorbent which resulted in high boron uptake. On the other hand, at pH > pHzpc, the 

negatively charged adsorbent surface caused repulsion with B(HO)4
−, causing lower 

amount of boron uptake at higher pH which can be seen clearly as illustrated by unheated 

MAZC beads in Figure 5. Subsequent experiments were conducted at pH 5 and pH 7 for 

heated and unheated MAZC beads, respectively, in order to obtain maximum boron 

removal.  

 
Figure 5: The effect of pH on the adsorption of boron. 

 

Most studies reported the range of pH for effective boron removal take place around 

pH 5–9, depending on the type of adsorbent used (Guan et al., 2016). Ruiz et al. (2013) 

reported that the maximum B removal from solutions using calcium alginate beads 

occurred at pH 10 with over 25% of boron removal. Kluczka et al. (2013) found that the 

optimum pH for highest boron removal using natural zeolite occurred at pH 9 with 13% 

of boron uptake.  

 

Effect of contact time 

For heated MAZC beads, the maximum boron removal was reached at 1440 min (24 h) 

as graphed in Figure 6. At higher contact time, no significant changes in boron uptake 

were spotted. Thus, time contact of 24 h was accepted as the optimum time for the present 

study. For unheated MAZC beads, 61.9% of boron was removed from the solutions after 

30 min contact time and remained almost constant even after being left for more than 24 

h. However, the maximum boron adsorption was recorded around 24 h with 65.2% of 

boron was removed from the solutions. Therefore, 24 h of contact time was used as the 

optimum time for the adsorption of boron by both heated and unheated MAZC beads. 

This trend is commonly observed from most of the studies involving removal of boron 

from wastewater such as using aquatic booster (Ismail et al., 2013) and fly ash zeolite 

(Kluczka et al., 2015).  
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Figure 6: The effect of contact time on the adsorption of boron. 

Effect of adsorbent dosage 

From Figure 7, it can be seen that the percentage of boron removal increased when the 

amount of adsorbent increased which is in agreement with the past studies (Al.Haddabi 

et al., 2016; Polowczyk et al., 2013). This condition is attributed to the increase in the 

availability of adsorptions sites and greater surface area to adsorb borate ions. Since 

heated MAZC beads have greater pore diameter, more borate ions could be adsorbed into 

the pores at higher adsorbent dosages as compared to unheated MAZC beads. It was found 

that 12 g of heated MAZC beads managed to reduce boron concentration from 15 mg/L 

down to 2.507 mg/L which is below acceptable limit for discharge of industrial effluent 

set by Department of Environment. However, unheated MAZC beads unable to remove 

boron from the solutions to below the permissible limit at the same amount of adsorbent 

dosage, which indicate that the heated MAZC beads performed better and have higher 

adsorption capacities. Although increasing adsorbent dosage could possibly remove more 

boron from wastewater, 12 g of adsorbent dosage was accepted as optimum dosage for 

an economical reason as fewer amounts of beads will be used. Thus, 12 g of adsorbent 

dosage was used for subsequent experiments. 

 

 
Figure 7: The effect of adsorbent dosage on the adsorption of boron. 

 

Effect of temperature and thermodynamics study 

The effect of temperature can be explained further by understanding the thermodynamics 

of the process by determining the thermodynamics parameters such as ∆G°, ∆H° and ∆S° 

using Eq.(4) where R is a gas constant (8.314 J mol−1 K) and T is the absolute temperature 

in Kelvin (K). 
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∆𝐺° =  −𝑅𝑇 ln 𝐾𝑎     (4) 

 

The equilibrium constant, Ka values can be determined using standard enthalpy change, 

 ∆𝐻° and standard entropy change, ∆S° using Eq. (5). 

 

ln 𝐾𝑎 =  
∆𝑆°

𝑅
−

∆𝐻°

𝑅𝑇
     (5) 

 

The values of ∆𝐻°  and ∆S° were obtained from the slopes and intercepts of the Van’t 

Hoff plots of ln Ka against 1/T. All the thermodynamics parameters are presented in Table 

3. In the present study, it was found that the uptake of boron decreased with increasing 

temperature. A higher percentage of boron removal was recorded at room temperature 

(27°C) as compared to at higher temperature (40°C), indicating the exothermic nature of 

the adsorption process (Kavak, 2009). For heated and unheated MAZC beads, the 

calculated values of enthalpy change, ∆H° were −90.8305 kJ/mol and −48.7608 kJ/mol, 

respectively. The negative values of ∆H° confirmed that the reaction was exothermic 

which showed that the process was stable energetically.  

 

Previous studies also found boron removal by POMB ash (Chieng & Chong, 2013) and 

fly ash zeolite (FAZ) (Joanna Kluczka et al., 2015) to be an exothermic adsorption 

process. The negative values of ∆S° suggest that the decrease in the randomness at the 

solid/solution interface during the boron uptake process. The negative values of ∆G° 

implied that the adsorptions of boron by MAZC beads at respective temperatures were 

spontaneous. In contrast, the positive ∆G° value indicates that the process was not 

spontaneous and required additional external energy to accelerate the reaction.  In this 

study, the adsorption of boron by MAZC beads was more favourable at lower 

temperatures. 

 

 

 

 

Adsorption equilibrium isotherm 

The study of adsorption isotherm is essential in giving further understanding on the 

mechanism of adsorption and determining the isotherm parameter such as maximum 

adsorption capacity of adsorbate for a given adsorbent. Two common adsorption isotherm 

models were employed in this study namely, the Langmuir and Freundlich. The Langmuir 

isotherm is based on the assumption that the adsorption process occurs on a homogeneous 

surface and there is no interaction between the adsorbed molecules. The linear form of 

Langmuir follows Eq. (6) where qe is the amount of boron adsorbed, qmax is the maximum 

adsorption capacity, K (L/mg) is the Langmuir affinity constant between the adsorbent 

and the adsorbate. Ci and Cf are the initial and equilibrium concentrations of boron in 

aqueous solution. 

T 

(°C) 

Heated MAZC beads Unheated MAZC beads 

∆G°(kJ/mol) ∆H°(kJ/mol) 

∆S° 

(kJ/mol K) ∆G°(kJ/mol) ∆H°(kJ/mol) 

∆S° 

(kJ/mol K) 

27 −4.0063 

−90.8305 −0.28927 

−1.5719 

−48.7608 −0.15722 40 −0.2458 0.4719 

Table 3: Thermodynamic parameters of boron adsorption on MAZC beads at different 

temperatures. 
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1

𝑞𝑒
=

1

𝑞𝑚𝑎𝑥𝐾𝐶𝑓
+

1

𝑞𝑚𝑎𝑥
     (6) 

 

Another important characteristic of the Langmuir isotherm is to determine the value of 

constant separation factor, RL, given by Eq. (7) which indicates the reversibility of the 

isotherm. The isotherm is unfavorable if RL = 1, irreversible if RL = 0 and favourable if 0 

< RL < 1(Shavandi et al., 2012). 

 

𝑅𝐿 =
1

1+𝐾𝐶𝑖
      (7) 

 

The Freundlich isotherm describes the adsorption process occurs on a heterogeneous 

surface and each site has different adsorption energy (Hall et al., 1966). The Freundlich 

isotherm can be expressed according to Eq. (8) where KF and n are constants which 

indicate adsorption capacity and intensity, respectively. The 1/n value corresponds to the 

favourability of the isotherm where it is favourable if 0 < 1/n < 1. 

 

𝑙𝑜𝑔𝑞𝑒 = 𝑙𝑜𝑔𝐾𝐹 +
1

𝑛
𝑙𝑜𝑔𝐶𝑓      (8)  

 

The linear forms of both models are graphically presented in Figures 8 and 9. The 

isotherm parameters for Langmuir and Freundlich models are presented in Table 4. The 

results showed that the adsorptions of boron on MAZC beads were better fitted to 

Langmuir isotherm model which provided a higher value of correlation coefficient, R2 as 

compared to Freundlich isotherm model. This indicates that the adsorption of boron 

occurred by monolayer adsorption on the homogeneous surface where there is no 

interaction between the adsorbed ions (Hall et al., 1966). 

The maximum adsorption capacity, qmax based on the Langmuir model for heated 

and unheated MAZC beads was 6.964 mg/g and 1.009 mg/g, respectively. As expected, 

the heated MAZC beads have higher adsorption capacity as they can remove more boron 

as compared to unheated composite beads from the batch studies. 

 

 
Figure 8: Langmuir adsorption isotherms of boron by MAZC beads. Conditions: 12 g 

dosage, 200 rpm, 24 hrs contact time, 27°C. 
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Figure 9: Freundlich adsorption isotherms of boron by MAZC beads. Conditions: 12 g 

dosage, 200 rpm, 24 hrs contact time, 27°C.  

 

The RL values for each initial concentration are tabulated in Table 5. All the RL values 

recorded lie between 0 < RL < 1 which implied that the adsorption of boron by MAZC 

beads is favourable. Since RL is inversely proportional to the initial concentration of boron 

solution, the decreasing trend of RL values was observed as the concentration of boron 

increased. For Freundlich isotherm, the Kf values calculated were 0.01724 mg/g and 

0.00646 mg/g for heated and unheated MAZC beads, respectively. Moreover, 1/n values 

also lie between 0 < 1/n < 1, which confirms the favourability of the adsorption process.  

 

Table 4: Isotherm parameters by Langmuir and Freundlich models. 

 

Table 5: RL value for different initial concentrations of boron aqueous solution. 

 

 

Kinetic Studies 

In order to evaluate the adsorption kinetics data on boron by MAZC beads, the pseudo-

first order and pseudo-second order models are used in this study by varying the contact 

time during the adsorption process. Pseudo-first order describes the rate of change of 

solute uptake with time is directly proportional to the difference in saturation 

concentration and the amount of solid uptake with time (Khaled et al., 2009).  A linear 

form of pseudo-first order can be expressed according to Eq. (9), where qe and qt are the 

adsorbed metal in mg/g in the adsorbent at equilibrium, time, t and k1 is the constant of 

first-order adsorption (min−1). The plot of log (qe − qt) against t can be used to determine 

the value of k1 and qe. 

log(𝑞𝑒 −  𝑞𝑡) = log 𝑞𝑒 −  
𝑘1

2.303
𝑡     (9) 

 

y = 0.789x - 1.7635
R² = 0.8009

y = 0.7988x - 2.1897
R² = 0.6737
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Isotherms Parameters Heated MAZC beads Unheated MAZC beads 

Langmuir 

R2 0.9212 0.8656 

K (L/mg) 0.00209 0.00469 

qmax (mg/g) 6.964 1.009 

Freundlich 

R2 0.8009 0.6737 

Kf (mg/g) 0.01724 0.00646 

1/n 0.789 0.798 

Initial Concentrations (mg/L) 5 10 15 20 

RL for heated MAZC beads 0.9897 0.9796 0.9696 0.9599 

RL for unheated MAZC beads 0.9771 0.9552 0.9343 0.9143 
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Pseudo-second order describes that the rate-limiting steps depend on the chemical forces 

of attraction and resemble the whole of the adsorption process. Pseudo-second order can 

be expressed according to Eq. (10) where k2 is the rate constant of second-order 

adsorption g/mg∙min, qe is the amount of metal ions adsorbed at equilibrium and 𝑞𝑒
2 is the 

pseudo-second order adsorption rate constant. A straight line plot of t/qt against t can be 

used to determine the value of k2 and qe. 

   
𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

𝑡

𝑞𝑒
       (10) 

 

The linear forms of the pseudo-first order and pseudo-second order models are depicted 

in Figures 10 and 11, respectively. Table 7 shows the kinetic parameters for both models. 

It can be observed that the pseudo-second order model gave an excellent correlation of 

the experimental data with high values of R2 of 0.9998 and 0.9831 for respective heated 

and unheated MAZC beads, respectively. Furthermore, the values of calculated qe were 

in a good agreement with the experimental data, qexp. Most of the past studies also found 

that the adsorption kinetics for boron removal by various adsorbents followed pseudo-

second order expression as reviewed by Guan et al. (2016). Interestingly, the pseudo-first 

order model also provided a high value of R2 for the adsorption of boron by heated MAZC 

beads but lower value of R2 for unheated composite beads. From these results, it can be 

said that the adsorption of boron by heated MAZC beads suggests that both physisorption 

and chemisorption were the rate-determining steps during the whole process whereas, for 

unheated composite beads, the dominating process was the chemisorptions between 

boron and the adsorbent (Rozaini et al., 2010). 

 
 

Figure 10: Kinetics of adsorption using pseudo-first order model for boron uptake by 

MAZC beads. Conditions: 15 mg/L concentration, 12 g dosage, 200rpm, 27°C. 

 

y = -0.0002x - 1.8295
R² = 0.9695

y = -0.0005x - 2.6767
R² = 0.6289-3.5

-3

-2.5

-2

-1.5

0 200 400 600 800 1000 1200 1400 1600

lo
g 

(q
e-

q
t)

t (min)

Heated MAZC beads

Unheated MAZC beads



Journal of Chemical Engineering and Industrial Biotechnology V3(2018)1-16 

 

14 
 

 
Figure 11: Kinetics of adsorption using pseudo-second order model for boron uptake 

by MAZC beads. Conditions: 15 mg/L concentration, 12 g dosage, 200 rpm, 27°C. 
 

Table 7: Kinetic parameters for boron adsorption by MAZC beads. 

Models Parameters Heated MAZC beads 
Unheated MAZC 

beads 

Pseudo-first-

order 

R2 0.9695 0.6289 

k1(min−1) 4.61 × 10−3  11.52 × 10−3  

qe (mg/g) 0.01481 0.00211 

Pseudo-

second-order 

R2 0.9998 0.9831 

k2 (g/ 

mg∙min) 
5.5693 0.436447 

qe (mg/g) 0.04055 0.04963 

Experimental qexp (mg/g) 0.05205 0.04078 

 

4.0 CONCLUSION 

The ability of heated and unheated MAZC beads to remove boron from its aqueous 

solution was investigated. It was found that heated MAZC beads can remove higher 

percentage of boron as compared to unheated beads. Pretreatment of mangrove bark at 

temperature 60°C has enhanced the characteristics of heated beads evident from SEM and 

BET analysis such as greater surface area and pore diameter. From FTIR study, hydroxyl 

and carboxyl groups were the key functional groups responsible for boron uptake. In 

addition, EDX analysis showed that boron element was found on the surface of the bead 

after adsorption process which indicates the ability of the composite beads to remove 

boron from aqueous solution. In the batch studies, the results showed that the adsorption 

of boron by MAZC beads was influenced by pH, contact time, adsorbent dosage and 

temperature. With regard to the effect of pH, the maximum boron removal of 83.3% was 

achieved by heated MAZC beads at pH 5 and 65.2% by unheated MAZC beads at pH 7. 

The optimum dosage was 12 g and the optimum contact time was 24 h. Heated MAZC 

beads managed to reduce the final concentration of boron solution to 2.507 mg/L which 

meets the Malaysian discharged standard set by DOE. The thermodynamics studies 

revealed that the boron uptake decreased with an increase in temperature of the solution, 

indicating the exothermic nature of the adsorption process which is confirmed by the 

negative values of ∆H° for both beads. The experimental data were better fitted to the 

Langmuir isotherm as compared to the Freundlich model. The maximum adsorption 

capacities for heated and unheated MAZC beads were 6.964 mg/g and 1.009 mg/g, 

respectively. The kinetic study showed that the pseudo-second order mechanism was the 

rate-determining steps for boron uptake by MAZC beads. These findings demonstrated 

that MAZC beads can be a potential adsorbent for the removal of boron from aqueous 

y = 20.15x + 930.29
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y = 24.659x + 109.18
R² = 0.9998

0

10000

20000

30000

40000

0 200 400 600 800 1000 1200 1400 1600

t/
q

t

t(min)

Heated MAZC beads

Unheated MAZC beads



Journal of Chemical Engineering and Industrial Biotechnology V3(2018)1-16 

 

15 
 

solution. An advantage of optimizing mangrove bark is the fact that it is natural, low-cost 

and found abundantly as a waste material from the timber industry. 
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