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ABSTRACT 
 

Jordanian bentonite shows a small amount of efficiency in the treatment of OMWW. It is for this 
reason that NaCl activation of bentonite is undertaken, in order to promote its adsorptive capacity. This 
work aims to characterize the activated bentonite (AJB) using FTIR, XRD, TGA and BET surface area. It is 
found that the structural cations have been released from the octahedral positions, thereby exchanging 
with Na+ ions. Differences of surface area were noticed from (66.2 to 249.6m2g-1), which is caused by 
structural changes of bentonite. The efficiency of AJB towards OMWW treatment was investigated. Batch 
and column techniques were applied. Physiochemical parameters of OMWW were measured before and 
after treatment. The adsorption of total phenolic compounds onto AJB was examined with respect to the 
adsorbent dosage, initial concentration and temperature. The Langmuir and Freundlich models were 
applied to describe equilibrium isotherms and both models fitted well. The maximum adsorption qmwas 
found as 8.81 mg/g at 323K. Thermodynamic parameters, free energy (ΔG°), enthalpy (ΔH°) and entropy 
(ΔS°) of adsorption were also calculated. These parameters show that the adsorption process was feasible, 
spontaneous and endothermic in nature. Furthermore, the percentage removal of Zn, Fe and Mn ions were 
also tested and the results show that AJB totally removed all heavy ions, regardless of their initial 
concentrations. Thus, the cost-effective and easily activated bentonite has a wide potential as an 
adsorbent and could be very helpful to monitoring the environmental impact of OMWW. 
Keywords: Sodium activated bentonite, Low cost adsorbent, Olive mill wastewater, Adsorption isotherms  
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INTRODUCTION  
 

 The demand for olive oil is rapidly increasing worldwide. Mediterranean region producer countries 
have been facing a serious challenge to find an environmental and economic solution for the disposal and 
reuse of olive mill wastewater (OMWW).OMWW, the liquid by-product generated during olive oil 
extraction, is characterized by extremely high concentrations of organic matter and phenols and very low 
pH values [1]. Moreover, it has high chemical oxygen demand(COD), biological oxygen demand (BOD), solid 
matter [2]and suspended solids[3]. Direct discharge of OMWW into the environment is forbidden by law. 
However, disposal of OMWW into the soil affects its quality and harms plant life[4]. In addition, it is a 
genuine threat to surface and ground water [5].In Jordan, OMWW is mostly generated from small mills 
that have limited financial resources and they are usually a great distance from each other. The latter 
creates difficulty in establishing a central treatment location with and disposal facilities. Among these 
practices, recycling and the reuse of processed water for irrigation and industrial purposes may be 
considered. Inaddition, in order to avoid expensive OMWW treatment investments, the application of 
economical treatment methods is required. Such methods should be safe for the environment, without 
harming the small producers in the olive oil industry. Adsorption is an efficient and economical process. 
The efficiency of this technique depends on the nature of the adsorbent [6]. Adsorbents, such as clay has 
been used to treat wastewater. Bentonite clay (hydrated aluminum silicate) is the most preferable clay for 
the removal of different contaminates from wastewater [7]. However, several researchers have proposed 
the use of bentonite as an adsorbent for removing organic [8,9], anionic and cationic pollutants [10,11], in 
addition to inorganic pollutants, such as heavy metal ions [12-15]. 
 
 The adsorption of pollutants, especially heavy metal ions, through the use of bentonite has been 
studied extensively over the past decade [12,13,14]. Moreover, bentonite has been activated in order to 
enhance its adsorption capacity, such as acid activation[15,16], organo activation [17,18], nano–bentonite 
composite [19,20], polymer–bentonite composite [21,22] and other methods [23,24]. However, there are 
still few references that focus on OMWW treatment using low cost modified bentonite [25] and therefore 
an adsorption isotherms study of total phenolic compounds removal, including the effect of different 
parameters on  adsorption efficiency, needs to be undertaken. 
 

In Jordan, there are good reserves of bentonite. Jordanian Bentonite has distinguished physical 
and chemical properties, such as hydrophilicity, biocompatibility, biodegradability and non-toxicity 
properties. However, its most unique property is its adsorption, due toits high specific surface area and 
cation exchange capacity (53-85Meq/100g) [26]. Some researchers have studied the adsorption capacity of 
this bentonite for Pb(II) [27], Th(IV), U(VI)[28] and Co(II), Ni(II)[29]. However, the activation of this 
bentonite and its adsorption capacity toward pollutants in OMWW has not been studied in detail.  
 

The objectives of this work are to:(1) characterize the OMWW that comes from different, olive oil 
mills in Jordan;(2) study the activation of Jordanian Ca-bentonite by sodium chloride;(3) explore the 
activated Jordanian bentonite (AJB) as an adsorbent for the removal of heavy metal ions, such as Zn, Fe 
and Mn ions and total phenolic compounds from OMWW; (3) discuss the effect of the adsorbent dosage, 
the initial concentration and temperature on adsorption efficiency; (4) determine the adsorption isotherms 
and simulate the experimental data with the Langmuir and Freundlich adsorption models; and (5) 
investigate the thermodynamic parameters of the total phenolic compounds adsorption onto AJB 
adsorbent. 

 
MATERIALS AND METHODS 

 
Adsorbent: Purification, Activation and Characterization 

 
The natural Jordanian bentonite clay used in this study was collected from the airport region, Al 

Azraq. The sample was crushed to particle size >250µm using a ball mill instrument and clay fractions were 

https://www.sciencedirect.com/science/article/pii/S1385894712007255
https://www.sciencedirect.com/science/article/pii/S1385894712007255
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obtained by wet sedimentation. The sample was purified in a laboratory, in order to remove quartz, 
carbonates, calcites, iron hydroxide and organic metals. It was dispersed in distilled water at 22°C and the 
clay fraction was recovered by centrifugation. This process was repeated four times for each sample, in 
order to guarantee obtaining samples in a pure form. The samples were dried in an oven at 60°C, then 
ground and sieved using a 63µm mesh, and stored in tightly closed plastic bottles for use in the 
experiments. 
 

The purified bentonite (PB) was prepared for sodiumactivation:17g ± 0.01g of the purified sample 
was weighed into a flask and 250mL of 1.0 M NaCl was added. The resulting suspension was stirred at 
room temperature for 48 hrs. At the end of the mixing duration, the resulting slurry was poured into a 
Buchner funnel. The residual bentonite was washed with deionized water several times, until it was 
released from Cl−1 ions against 5% AgNO3 solution. After drying the sample at 70°C for 24 hours, it was re-
grinded to reach 300μm particles size and stored in tightly closed plastic bottles to be used in adsorption 
studies. 
 
The following reaction had occurred: 
 

Ca-Bent + 2Na+→2Na-Bent (AJB)+ Ca2+(1) 
 

PB and AJB were characterized by FTIR spectroscopy (Thermo Nicolet NEXUS 670 
Spectrophotometer), XRD (Philips X pert pro) and TGA (NETZCH STA 409 PG/PC Thermal Analyzer). BET 
surface are a analysis was determined using Gemini VII from micro meritics.  

 
OMWW: Collection, pretreatment and Characterization 

 
OMWW was obtained from three different olive oil mills located at Jerash city, considering 

centrifuge processing. Samples were kept refrigerated at −2°C in tightly closed plastic containers. As a pre-
treatment, aliquots of 1L of OMWW were centrifuged at 10,000 rpm for 30 minutes and double simple 
filtration was undertaken, in order to obtain a clear and dark (brownish) solution. 
 

Fresh OMWW was fully characterized before and after treatment. pH, electrical conductivity (EC), 
DO, ORP, TDS and salt were measured using a Crison PL-700AL meter. COD, alkalinity, total nitrate, total 
phosphate and total chlorine concentrations were determined using A COD and multi parameter bench 
meter, PN HI83099-02. 
 

The total phenolic compounds were evaluated by spectro photometry using the Folin-Ciocalteu 
method. Briefly, a 2.5mL portion of Folin-Ciocalteu reagent 0.2N was mixed with 0.5mL of the sample. The 
reaction was kept in the dark for five minutes. Then, 2mL of a sodium carbonate solution (75 g/L) was 
added to the mixture and the reaction was kept in the dark for one hour. The absorbance was measured at 
765 nm in AAS. Contents of the total phenolic compounds in OMWW were expressed as Gallic acid 
equivalents in grams per litre (g GAE/L residue) [30].K+and Na+ concentrations were determined using a 
flame photometer (Corning 400).For the heavy metal ions determination tests, Zn, Feand Mn, a standard 
solution of each metal ion concentration was prepared in NaClO4 at pH= 6. The pH of these solutions was 
adjusted using 0.1 M HCl and 0.1 M NaOH, in order to achieve the desired values. Concentrations of the 
metal ions were determined using a Varian Spectra AA–250 pulse atomic adsorption spectrometer (AAS). 

 
Adsorption Experiments 

 
The adsorption experiments were carried out by a batch technique. The effect of solution 

temperature, the mass of AJB and the initial concentration of total phenolic compounds on the percentage 
removal were studied. Moreover, the AJB was tested for the adsorption of heavy metal ions from OMWW 
using a column technique. Adsorption processes were carried out in a column of 560mm length, and 12mm 
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diameter. 1.00 g ± 0.0001 g of adsorbent were packed in a column and 100mL of OMWW was passed 
through the column. The flow rate was of 1 mL/12min) and the effluent was collected as 10 separate 
samples, each having a volume of 10 mL. Finally, all analytical experiments were applied at least in 
duplicate and the mean values are presented in Figs. 4 to 13. 
 

Concentration of adsorbate retained in the adsorbent phase (q, mg g-1) was calculated from the 
following equation: 

 

                  (2) 

 
Where q is the adsorbent phase concentration after equilibrium (mg adsorbate/g adsorbent); Ci 

and Ce are the initial and final (equilibrium) concentrations of adsorbatein solution (mg/L); V is the solution 
volume (L); and m is the adsorbent mass (g). Percentage (%) removal of adsorbate was calculated using the 
following equation:  

 

                                                                      (3) 

 
RESULTS AND DISCUSSION 

 
Characterization of adsorbent 
 
FTIR spectra 
 

The FTIR analysis of the RB and AJB were utilized, in order to determine the functional groups on 
the surface of bentonite responsible for adsorption and to explore the effect of sodium activation on its 
chemical composition, which is shown in Fig.1. 
 

 
Fig 1: FTIR spectra of RB and AJB. 
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 From RB spectrum, absorption bands resulting from bending vibrations of Si–O groups are found 
in the 550–400 cm–1region. The bands due to Si–O–Al and Si–O–Si deformations in the spectra occur near 
530and 460 cm–1, respectively [31].The spectrum also contains a band at 706,800and 2355 cm–1which is all 
attributedto quartz [32,33].A broad complex band near 1030 cm–1is related to stretching vibrations of Si–O 
groups [34].On the other hand, the peak at 1641 cm–1is for H–O–H bending and the stretching vibration of 
OH appears at around 3451cm–1. The adsorption band at 3616cm–1in the spectrum is assigned to stretching 
vibrations of the structural OH groups of dioctahedral bentonite. 
 

After sodium activation, the most significant change was a decrease in the intensity of the band of 
the Si–O stretching region at 1030 cm–1. This means that upon the activation process, there is a possibility 
of the formation of three–dimensional networks of amorphous silica, which may expose more adsorption 
sites. The increased amount of amorphous silica, as sodium activation progress, resulted in deterioration of 
the tetrahedral layer. The intensity of bending and stretching bands characterized the octahedral sheet for 
Al-Al-OH at a 1641 cm–1 decrease, which indicates destruction of the octahedral layer. Moreover, a sharp 
decrease in the absorption band attributed to the OH vibration at 3616 cm-1 is due to the removal of the 
octahedral cations, thus causing the loss of water and hydroxyl groups coordinated to them [35]. This 
might indicate the presence of free OH sites on activated bentonite. The decrease in the characteristic 
band of bentonite appears at 3451 cm–1 “which represents the fundamental stretching vibrations of 
different –OH groups present in Mg–OH–Al, Al–OH–Al, and Fe–OH–Al units in the octahedral layer” [36] and 
this refers to deterioration of this layer. Furthermore, in regard to quartz bands, the disappearance of the 
band at 2355 cm–1 is noted and also a decrease in the intensities of bands at 706, 800 cm-1, which offers a 
strong indication that the activation process improves the purity of the bentonite. 
 

Finally, following the activation process, most band positions did not change, thus suggesting that 
the basic bentonite structure did not collapse.  
 
X-ray diffractograms  
 

The X-ray diffraction patterns of RB and AJB samples are illustrated in Fig.2. Patterns of RB mont 
morillonite were the main mineral. However, minor amounts of kaolinite, quartz, gypsum and cristobalite 
were also identified [37].  
 

As seen from the AJB patterns, the XRD results indicate that changes in the structure of the RB are 
induced by adding NaCl. The peaks of quartz are diminished and no quartz was present in the AJB sample. 
The main montmorillonite peaks are present. Two distinct diffraction lines belonging to crystalline NaCl (35 
and 55 Å) are seen, thus proving the accumulation of crystalline NaCl [38].X-ray results of activated 
bentonite show there is a shift in the position of a few peaks (for example, 31.2 to 26.6Å). Actually, after 
the addition of NaCl, the Na+ ions are absorbed to the surface of the montmorillonite crystal grains to form 
a hydrated shell [39].This is an indication of dissolution of the tetrahedral and octahedral sheets and 
subsequent release of the structural cations: that is, these cations have been eliminated from the 
octahedral positions, thereby exchanging with Na+ ions. Moreover, the interlamellar spacing between 
crystal grains is compressed [40].The influence of chemical composition and inner structure on the 
behavior of AJB is obvious. Distinctly, XRD analysis provides good evidence that the adsorptive power of 
AJB has increased.  

 
Clearly, the activation process causes a decrease in peak intensity. This mostly occurs in the case 

of montmorillonite, which means a reduction in its content. Also, the quartz content, which is seen as an 
impurity, disappears after activation. Furthermore, the peaks of RB patterns have relative symmetry, but 
the peaks of AJB patterns are moving to more dissymmetry. In addition, the appearance of splitting in 
some peaks, which is an indication of phase transformation to a lower symmetry or partial distortion of its 
structure, indicates that small distortions can often be observed with peak broadening. These 
characteristics apparently indicate that bentonite is well activated by Na+ ions.  
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 The reduction in intensity and increase in the width of peaks at 24.1 Å indicate that the 
crystallinity of the bentonite is considerably affected by the activation and thus the bentonite crystalline 
structure is decomposing, which means that the activation process is accompanied by the appearance of 
an amorphous phase, as confirmed by IR results. 
 

 
 

Fig 2:  X-ray diffraction patterns of the RB and AJB. 
 

Thermogravimetric analysis (TGA) 
 

Thermogravimetric analysis was undertaken in order to investigate the effect of activation of 
bentonite with NaCl. Fig. 3 shows a distinct endotherm with a maximum between 30°C and 200°C that 
corresponds to there lease of physically adsorbed water and the dehydration process. Dehydroxylation was 
executed with more and more favorable temperature, moving from 325 to 720°C. Decomposition of 

chemically bound water (OH
_
) is detected by an endothermic change with a maximum at 350ºC.The 

dissociation of accumulated NaCl crystals is confirmed at 800ºC [41].The total mass losses within the 
temperature interval 30–200°C of RB is much more than ABJ. Beyond this temperature, there are higher 
mass losses for AJB and thisis attributed to the dissociation of crystalline NaCl at 800°C. This finding 
confirms those of the XRD results that show partial deterioration of the AJB microstructure. 

 
The results obtained confirm the formation of NaCl crystals in the AJB, where the accumulated 

NaCl crystals have a destructive effect mainly on the bentonite microstructure: and as econdary effect on 
its increase in permeability. This is enhancing its adsorption capacity toward heavy metal ions, phenolic 
compounds and other pollutants. 
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Furthermore, the TGA result is in clear agreement with the FTIR and XRD studies, which indicate 

consecutive changes of the bentonite sheet upon the activation process.  
 

 
 

Fig 3: TGA curves of RB and AJB. 
 

BET surface area 
 

The results of BET analysis show that the surface area increases with increasing Na on the surface 
of bentonite. The surface area increases from 66.2 m2g-1 for RB to 249.6m2g-1 for AJB. The improved surface 
area indicates the number of active sites increase on the surface of the adsorbent, which improves the 
enhancement in adsorption efficiency [42]. 

 
In studying the adsorption and swelling properties of the clay-water system, onetype of swelling, 

commonly known as the interlayer or interlamellar swelling, involves the expansion of the crystal lattice 
itself, as found in montmorillonite [43].It is known that the swelling properties of bentonite depend on the 
type of exchangeable cations, whether Na+ or Ca2+. Calcium ions have a higher charge and smaller diameter 
than sodium ions, and as a result they tend to interact more strongly with the aluminosilicate platelets, 
thus making them less disposed to swelling. Sodium ions hydrate more readily causes the bentonite to 
swell more, so any effort to increase the concentration of Na+ ions will improve the swelling properties of 
bentonite [44]. This is perfectly consistent with the obtained XRD result. However, improved swelling of 
bentonite after activation is expected to yield an increasein pore size and thus an increase in adsorption 
capacity. Consequently, it improves the removal of heavy metal ions and phenolic compounds. 

 
Characterization of OMWW 

 
The characteristics of the studied crude and treated OMWW are summarized in the following 

Table: 
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Table 1: Main characteristics of OMWW sample: untreated and treated with RB and AJB. 
 

Parameters 
Untreated 
OMWW 

Literature 
ranges values 

Reference 
Treated 

OMWW with 
RB 

Treated OMWW 
with AJB 

% Removal 
using RB 

% Removal 
using AJB 

pH 4.63 4.9 – 6.50 [45] 5.74 6.66 ---- ---- 

Conductivity, ms/cm 19.89 13 – 50 [46,47] 19.4 17.2 ---- ---- 

Sodium (Na+), mg L-1 297.9 200 – 570 [48,49] 186.4 119.4 37.4 59.9 

Potassium (K+), mg L-1 6366.3 639 – 10800 [50,51] 4075.1 2606.3 35.9 59.1 

Total phenolic compounds,            g 
GAE/L 

1.34 0.26 – 10.7 [52,53] 0.85 0.44 36.6 67.2 

Alkalinity (CaCO3), mg L-1 2000 3150 – 9070 [54] 1500 500 25.0 75.0 

Total Chlorine, mg L-1 20 33.3 – 142.7 [55] 15 7 25.0 65.0 

Phosphate (PO4
3-), mg L-1 4120 31.8 – 1820 [56]  460 230 88.8 94.4 

Nitrate (NO3
–-N), mg L-1 360 350 – 390 [57]  230 120 36.1 66.7 

COD, mg L-1 12000 1900 – 220000 [58,59] 7030 1182 41.4 90.2 

DO, mg L-1 600 n.d. ---- 297 281 50.5 53.2 

TDS, mg L-1 34700 5900 – 103200 [60]  13140 11899 62.1 65.7 

ORP, mv 259800 n.d. ---- 73300 58201 71.8 77.6 

Salt, mg L-1 26700 11900 – 32000 [61]  9930 6321 62.8 77.5 

n.d.: not determined.  ORP: Oxidation Reduction Potential. 
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The analysis of the OMWW shows that it is composed mainly of organic compounds and inorganic 
compounds (mineral salts). Among the different mineral salts present in OMWW, potassium has the highest 
concentration. Other cations and anions are also found in OMWW at lower concentrations. In addition, the 
high phenol content of OMWW also contributes to the high soluble COD of OMWW. Total dissolved solids 
content is also high. Phosphate content is significant. All the above parameters must be taken into 
consideration in the design of a well-integrated treatment process for OMWW. 
 

It is worth noting here that the parameter values are in good agreement with those reported in the 
literature. Clearly, using RB for OMWW treatment is essential, due to significant differences between its 
properties. Furthermore, it is noticed that the percentage removal increases vigorously and continuously 
throughout the use of AJB adsorbent and this is a good indication that simple activation of bentonite can result 
in a good result on its adsorption behavior. Therefore, AJB adsorbent provides a valuable solution toward the 
treatment and recyclability of OMWW. 
 
 Adsorption Experiments 
 
Total phenolic compounds removal 
 

Both RB and AJB were tested for the removal of total phenolic compounds and batch experiments 
were performed, where several parameters were tested, in order to determine the adsorption effectiveness. 
Different adsorbent dosages (0.1, 0.5 and 1.0 g) were mixed with 10 mL of OMWW with different initial total 
phenolic compounds concentration(1215.16, 1340.64, 1442.00 and 1563.43mg/L), at different temperatures 
(293, 303, 313 and 323K). OMWW and adsorbent were stirred in Erlenmeyer flasks continuously for three hrs. 
After shaking, samples were filtered using a 0.45µm micro filter and then analyzed by UV–VIS 
spectrophotometer at λ=765nm,in order to measure the concentration of total phenolic compounds. Finally, 
all analytical methods were applied at least in triplicate. 
 

 
 

Fig 4: Comparison of the percentage removal of total phenolic compounds by RB and AJB. Mass of adsorbent 
=1.0 g, initial total phenolic compounds concentration 1340.64 mg/L, 10 mL of OMWW, and contact time =3 

hrs. 
 

Adsorption amount of total phenolic compound susing AJB is larger than the un-activated one, as 
shown in Fig. 4. The proposed explanation of the enhanced adsorption involves bentonite having a large 
specific surface area and pore spaces, and it is based on the diffuse double layer theory, which predicted that 
double layer thickness decreases with increasing pore-solution concentration [lxii]. Therefore, at a given void 
ratio, the effective porosity of bentonite will increase as the solution concentration increases, which is 
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beneficial for the adsorption. Moreover, sodium chloride dissociates into Na+ and Cl− in aqueous solution. 
There is a strong electrostatic field around the anions and cations and thus an oriented array of water 
molecules is formed around these ions. The existence of ions enhances the combining powers between water 
molecules and phenolic compounds. On the other side, the hydraulic conductivity of the bentonite increases 
as the void ratio increases. Also, at a given void ratio, the hydraulic conductivity of the bentonite increases, as 
the ionic strength increases. This trend for increasing hydraulic conductivity probably results from the 
influence of the permeant on effective porosity (the pore space available for conductive flow), which 
concludes that increasing the concentration of salts, such as NaCl, leads to an increase in permeability in 
bentonite due to a decrease in inter-particle repulsion among negative charged plates [lxiii]. 
 

As a result of the activation of bentonite by NaCl, adsorption capacity increases towards total 
phenolic compounds. 

 
Effect of adsorbent dosage on adsorption of total phenolic compounds 
 

The experimental data regarding the effect of adsorbent dosage on the percentage removal of total 
phenolic compounds by AJB is shown in Fig.5. A series of batch experiments were carried out by contacting 
different amounts of AJB with 10 mL of OMWW, with a constant initial total phenolic compounds 
concentration of 1340.64 mg/L. The contact time was made for three hours and at different four 
temperatures; 293, 303, 313, and 323 K. 

 
The results show that increasing the dosage of AJB resulted in an increase in the percentage removal of total 
phenolic compounds. However, the adsorption capacity of AJB increases, and this could be due to an increase 
in the surface area and the availability of more active sites on the surface of AJB [ lxiv]. Moreover, the 
adsorption capacity for AJB is greater than RB at constant temperature and dosage, which indicates that the 
bentonite is well activated by NaCl. Therefore, in order to reduce the bentonite dosage, it is necessary to 
modify it into superior Na-Bentonite. 
 

 
 

Fig 5: Effect of adsorbent dosage on the percentage removal of total phenolic compounds at different 
temperatures. 
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Effect of initial total phenolic compounds concentration 
 

The initial total phenolic compounds concentration is a very important factor to be explored in 
adsorption studies, as most contaminated OMWW usually present different concentrations of total phenolic 
compounds. The effect of initial total phenolic compounds concentration on the adsorption capacity and 
percentage removal is shown in Fig. 6. The operating conditions for the batch experiments were 1.0 g of AJB 
per 10 mL of OMWW and the contact time was three hours at 303 K. 

 
Firstly, an increase in adsorption capacity with an increase in initial total phenolic compounds 

concentration was observed. This may be explained by the presence of more total phenolic compounds in the 
solution available for binding onto the active sites of the AJB. Consequently, the adsorption reached a 
saturation value. Indeed, the initial total phenolic compounds concentration provides an important driving 
force to overcome all mass transfer resistance. Hence a higher initial concentration of total phenolic 
compounds tends to enhance the adsorption capacity. A similar phenomenon was observed for the adsorption 
of phenol onto organ obentonite.Meanwhile, the percentage removal decreased gradually with an increase in 
the initial total phenolic compounds concentration. This decrease is due to the fact that all adsorbents have a 
limited number of active sites,  and at higher concentrations the active sites become saturated.  
 

 
 

Fig 6: Effect of initial total phenolic  compounds concentration on the adsorption capacity and the 
percentage removal of total phenolic compounds. 

 
Adsorption Isotherms  
 

The adsorption isotherms for total phenolic compounds removal by AJB were investigated using 
different initial concentrations at adsorbent mass of 1.0 g at 293, 303, 313 and 323 Kand for a period of three 
hours. Later, the data obtained were fitted to the Langmuir and Freundlich isotherms. 

 
The Langmuir isotherm assumed that the monolayer adsorption of adsorbate onto a homogeneous 

adsorbent surface takes place with a single coating layer on this surface. Moreover, there is no lateral 
interaction between the adsorbed molecules. The linear form of the Langmuir isotherm model can be 
expressed as: 

 

m

e

mLe

e

q

C
+

qK

1
=

q

C
 (4)
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where q
e
 is equilibrium adsorption capacity(mg/g); Ce is the equilibrium concentration of total 

phenolic compounds(mg/L); q
m 

is a maximum adsorption capacity (mg/g); and KLis the adsorption equilibrium 

constant(L/mg). 
 

The linear form of the Langmuir isotherm is shown in Fig. 7.The correlation coefficients, R2 are > 0.99 
at all temperatures, indicate that the adsorption was a good fit to this model. 

 

 
 

Fig 7: Langmuir plot for the adsorption of total phenolic compounds onto AJB. Adsorbent dosage: 1.0 g, 
10mL of OMWW, pH =6, contact time =3 hrs. 

 
The maximum adsorption q

m
 for total phenolic compounds onto AJB equals to 8.81 mg/g. The 

adsorption process can be evaluated to see whether it is favorable by the use of a Langmuir dimension less 
separation factor RL defined as: 

 

oL

L CK+1

1
=R (5) 

 
where Co (mg/L) is the initial metal ion concentration in solution. If the value of RL is less than 1.0, the 

adsorption is considered to be favorable, but it is unfavorable if RL is greater than 1.0. The calculated RL values 
at different concentrations fall within the range of 0.098–0.122 (Table 2), thus indicating a favorable 
adsorption process. 

 
Table 2: Calculated values of separation factorRL for the adsorption of total phenolic compounds onto AJB at 

303 K. 
 

Co 1215.16 1340.64 1442.00 1563.43 

RL 0.1224 0.1123 0.1052 0.0978 

 
The Freundlich isotherm is based on multilayer adsorption on heterogeneous surface [lxv]. The linear 

form of Freundlich can be represented as: 
 

logqe= logKF eC log
n

1
+ (6) 
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 where KF and n are the Freundlich adsorption constants showing the adsorption capacity (mg/g) and 
intensity, respectively, which can be determined by the linear plot of logq

e
 versus logCe.  

 
The adsorption Freundlich isotherm obtained fortotal phenolic compounds onto AJB are shown in 

Fig.8, and the isotherm parameters for both models are presented in Table 3. 
 

 
 

Fig 8: Freundlich plot for the adsorption of total phenolic  compounds onto AJB. Adsorbent dosage: 1.0 g, 10 
mL of OMWW, pH =6, contact time =3 hrs. 

 
Table 3: Langmuir and Freundlich Isotherm parameters for the adsorption of total phenolic compounds onto 

AJB. 
 

 Langmuir Isotherm 
 

Freundlich Isotherm 

T (K) qm KL R2 n KF R2 
293 7.8168 0.0051 0.9981 4.8481 1.5774 0.9754 
303 8.0201 0.0059 0.9985 5.2958 1.8710 0.9753 
313 8.0640 0.0069 0.9988 5.9604 2.2222 0.9860 
323 8.8128 0.0091 0.9985 6.7648 2.8905 0.9576 

 
The obtained values of n exhibited intense change at higher temperatures. All n values were greater 

than one, indicatinga favorable adsorption of total phenolic compounds [lxvi]. Also, the high correlation 
coefficient values(R2) of the Langmuir and Freundlich model indicate that the experimental data are well fitted 
by both models.  

 
Thermodynamic Studies  
 
Effect of temperature on adsorption of total phenolic compounds 
 

In order to determine the effect of temperature on the adsorption of total phenolic compounds onto 
AJB, experiments were run with four different values: 293, 303, 313 and 323 K. From the curves of Fig. 9,we 
can notice that the percentage of efficiency removal of total phenolic compounds increases with temperature, 
which indicates that the adsorption process is endothermic. This may be due to increasing the mobility of the 
total phenolic compounds, thus gaining more kinetic energy to diffuse from the bulk phase to the solid phase, 
with an increase in solution temperature. Furthermore, there is an increase in the number of surface active 
sites for the adsorption with increasing temperature, as a result of the dissociation of some of the surface 
components onto AJB[lxvii, lxviii].On the other hand, KL values are directly proportional to the temperature, as 
shown in Fig.9. KL is the Langmuir equilibrium constant related to the affinity of binding sites and energy of 
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sorption, equation (4).Again, the total phenolic compounds have a good affinity to the AJB surface and 
increase gradually with increasing temperature. Similarly, at constant initial total phenolic compounds 
concentration (1340.64mg/L) and fixed dosage of both adsorbents (1g), as clearly observed in Fig. 9,the 
percentage removal of total phenolic compounds using RB adsorbent increases with increasing temperature. 
 

 
 

Fig 9: Effect of solution temperature on the percentage removal of total phenolic compounds and the 
Langmuir equilibrium constant KL usingAJB. 

 
Temperature has an obvious effect on sodium modification of the bentonite, and Na+ in the diffusion 

layer present has a trend of moving to bentonite surfaces. Migration of Na+ is increased, which increases the 
content of Na+ on the bentonite surface. Therefore, the reaction velocity between Na+ and Ca2+ is growing.  

 
In order to evaluate the feasibility of the adsorption process, thermodynamic parameters, where ΔG° 

is the Gibbs free energy (kJ/mol), ΔH° is the standard enthalpy (J/mol) and ΔS° is the standard entropy (J/mol 
K), were calculated from the curve relating the distribution coefficient (K) as a function of temperature, using 
the following equations: 
 

ΔG°= −RT ln K                                                                                                           (7) 
 

RT

HΔ

R

SΔ
=Kln

oo

 (8) 

 
Where R is the gas constant (8.3145 J.mol–1.K–1), T is the temperature in Kelvin. The values of ΔH°, ΔS° 

were determined from the slope and intercept values of the straight line of plotting ln K versus 1/T, 
respectively. According to data presented in Table 4, the spontaneity of the adsorption process is established 
by a decrease in ΔG° values, in addition to spontaneity increases as the temperature of solution increases, 
which means that, as the adsorption process becomes more favorable, the negative values of ΔG° indicate that 
the adsorption of the total phenolic compounds is spontaneous and favorable [lxix].The positive value of ΔH° 
shows that the adsorption process is endothermic in nature. This is in accordance with increasing adsorption 
equilibrium with increasing temperature. The positive value of ΔS° reflects an increase in the randomness at 
the interface between AJB and the Phenolic solution during the adsorption process. This suggests that some 
structural changes occur on the adsorbent, in addition to the adsorbate, due to the exchange of the phenolic 
compounds with more mobile ions present on the AJB, which would cause an increase in the entropy during 
the adsorption process. 
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Table 4: Thermodynamic parameters of adsorption of total phenolic compounds onto AJB 

 
T (K) ΔH° ΔS° ΔG° 

293   26.22 

303 559.47 1.81 13.90 

313   -5.22 

323   -28.21 

 
Moreover, the ΔH° value was 559.47 >> 60 kJ/mol [lxx],thus indicating the adsorption of total phenolic 

compounds onto AJB involved chemical adsorption. Therefore, the process is irreversible. 
 
Heavy metal ions removal 
 

It is known that the main mineral in bentonite is mont morillonite, which has a large specific surface, 
in addition to a large net negative charge, which results in adsorption of a large number of hydrated cations. 

 
Column adsorption technique was utilized for removing the metal ions from the OMWW.Figs.10, 11 

and 12 show the percentage uptake of heavy metal ions by RB and AJB. In contrast with RB, cation exchange 
capacity appears to be more reliable, where the exchangeable Na+ions of the AJB were high, and consequently 
the adsorption capabilities of heavy metals are increased. Ashmawy et al. (2005) stated the same results [ lxxi]. 

 
In general, using Na-Bentonite is better than that using Ca-Bentonite,if the dosage is equal [lxxii].  

 

 
Fig 10: Percentage uptake of Zn(II) by RB and AJB using column technique. 
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Fig 11: Percentage uptake of Fe(II) by RB and AJB using column technique. 
 

 
 

Fig 12: Percentage uptake of Mn(II) by RB and AJB using column technique. 
 

Moreover, the effect of contact time was studied. Fig. 13 shows the effect of agitation time with 
constant initial metal ion concentration (3573, 2025 and 1242mg/L for Zn, Fe and Mn ions, respectively) on the 
adsorption capacity of AJB. It was observed that the amount of adsorbed metal ion (q) increases with an 
increase in contact time at all initial metal ion concentrations. Furthermore, for the first 10 min, the 
percentage removal was rapid and exceeded 99.5%. It then proceeds at a slower adsorption rate and finally it 
reaches saturation at 60, 80 and 48 min for Zn, Fe and Mn ions, respectively. Also, the plots show that the 
initial metal ion concentration has no effect on the required time for equilibrium. Thus, the higher adsorption 
rate at the initial period may be due to the increased number of unoccupied sites available at the initial stage, 
which is due to the existing increase in the concentration gradients between adsorbate in solution and 
adsorbate on the adsorbent surface. As time proceeds, the metal ion concentration is reduced, due to the 
accumulation of metal ions in the available sites, leading to a decrease in the adsorption rate at later stages.  
 

Clearly, AJB can completely remove all heavy metal ions from OMWW, regardless of their initial 
concentrations. 
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Fig 13: The effect of contact time on the adsorption capacity and percentage removal of Zn, Fe and Mn ions 
using AJB. 
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  According to the results obtained from this work, by using effectively prepared AJB adsorbent, it is 
favorable in terms of both economic and environmental features and it could improve adsorption for the 
removal of hazardous materials, such as Phenolic compounds and heavy metal ions from industrial effluents 
such as OMWW. 

 
CONCLUSION 

 
 The management of produced OMWW is a particularly unsolved problem, especially in 
Jordan, due to their high content of phenolic compounds, their physicochemical composition, and the implicit 
toxic merits. More effective, simple, low cost and environmental friendly methods are needed mainly in 
developing countries.  
 
 The present study presents a successful method for activation Jordanian bentonite using 
sodium chloride. FTIR, XRD and TGA studies have approved this method, in addition to the increase in its 
surface area. Subsequently, the AJB has been examined as an adsorbent for OMWW treatment. The 
physicochemical analysis appears to show a good performance for AJB, which can help to reduce 
environmental damage, prevent groundwater contamination and provide an alternative approach for olive 
mills, in regards to safe utilization of OMWW. Moreover, AJB shows a great potential for the removal of heavy 
metal ions and phenolic compounds pollutants. Results show percentage uptakes exceeding 99.99 % for Zn, 
Feand Mn ions: and the percentage removal for phenolic compounds can be considered as satisfactory. 
Adsorption efficiency is strongly affected by parameters, such as adsorbent dosage, initial total phenolic 
compounds concentration, and the temperature of the solution. On the other hand, its equilibrium adsorption 
was well fitted to the Langmuir and Freundlich models. Thermodynamics studies have confirmed that the 
adsorption process was spontaneous and endothermic in nature. 
 
 Notably, the AJB shows a substantially higher adsorption capacity compared to the RB. 
This study provides a feasible method for utilizing activated bentonite for application in waste water 
treatment. 
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