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Abstract: Elevated concentration of fluoride in groundwater poses serious health concerns in communities that depend on the 

groundwater for their drinking water. Efforts to develop appropriate defluoridation techniques have experienced challenges such 

as low efficiency, unaffordability, skill shortage, and cultural perceptions. This study evaluated the use of water hyacinth-derived 

activated carbon as an indigenous, environment-friendly, and socio-economically acceptable alternative technique for 

defluoridation. Dried water hyacinth stems were impregnated with concentrated phosphoric acid to three times their weight, and 

then calcinated in a muffle furnace by increasing the temperature at a rate of 5°C /min up to 600°C. The produced WHAC was 

characterized by scanning electron microscopy (SEM), proximate analysis and Fourier transform infrared (FT-IR) spectroscopy. 

Batch experiments determined effects of pH, contact time and adsorbent dosage on defluoridation efficiency. The results 

revealed a bulk density of 0.123 g/cm
3
, ash content 8.9% and fixed carbon content 66.7%. These characteristics were comparable 

to those of selected commercial activated carbons (CACs). The ash content was less than 10% and fixed carbon greater than 65%, 

suggesting high surface area and porosity that are indicative of a good quality activated carbon. The SEM revealed a rough and 

irregular texture illustrating high porosity. The WHAC achieved a fluoride removal efficiency of 82.6%, at pH 3 and contact time 

of 120 min. Fluoride adsorption by WHAC was best described by Freundlich isotherm model with a correlation factor (R
2
) of 

0.952 and an adsorption intensity (n) of 0.285 that indicated heterogeneity of the WHAC. The adsorption was described by 

pseudo-second order kinetic model with a correlation factor (R
2
) of 0.999 and comparable experimental and theoretical 

adsorption capacities of 0.4608 and 0.4656, respectively, which suggested chemisorption adsorption of fluoride onto WHAC. 
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1. Introduction 

Groundwater quality is of global concern following the 

growing demand for groundwater occasioned by its 

widespread distribution and accessibility for domestic and 

industrial use [41]. Elevated fluoride concentration in 

groundwater is regarded as both a socio-economic and health 

concern, particularly for the low-income communities that 

depend on groundwater as the main source of drinking water 

[54]. For example, 79% of the total groundwater abstracted 

in Kenya is used for domestic purposes while 39% of 

households in rural areas depend on groundwater as the main 

potable water source [22]. However, the use of groundwater 

faces the challenge of elevated fluoride concentrations which 

vary greatly with geographic location. For instance, Lake 

Nakuru region in Kenya has recorded 2,800 mg/L fluoride 

concentration [54], one of the highest known fluoride 

concentrations in the world. Other areas such as Baringo, 

Narok, Kajiado, Nairobi, and Thika have at least 50% of 

boreholes containing fluorides above 1.5 mg/L [5]. 

Groundwater samples from Elementaita have recorded 

fluoride concentrations ranging between 0.2 and 20.9 mg/L 



 American Journal of Water Science and Engineering 2023; 9(4): 97-107 98 

 

[21], while Naivasha has reported concentrations in the range 

of 3.0 to 9.3 mg/L [50]. 

Although consumption of fluorides in small quantities is 

essential for bones and teeth preservation, the World Health 

Organization (WHO) identifies fluoride, arsenic and nitrate 

as compounds associated with widespread health effects [52]. 

The exposure to high concentration of fluorides is linked to 

numerous adverse health effects ranging from moderate 

dental fluorosis, reduced immunity and heightened risk of 

bone fractures, to severe crippling fluorosis and weakened 

respiratory system [15, 45]. Averting such effects 

necessitates adoption of the WHO guidelines limiting 

fluoride concentration in potable water to less than 1.5 mg/L. 

However, in Kenya, the Water Services and Regulatory 

Board (WASREB) allows for a maximum fluoride 

concentration of 3 mg/L in exceptional cases, based on local 

and climatic conditions [51]. 

To address the challenges of fluoride in groundwater, 

several natural and artificial water treatment methods such as 

chemical treatment, membrane separation, electrolysis, 

electrodialysis, ion exchange, reverse osmosis and adsorption 

with activated carbon have been used [34]. Nevertheless, 

most of these defluoridation techniques have a short service 

life and are unaffordable for decentralized systems that can 

be adopted by communities in developing countries [43]. 

Consequently, some defluoridation technologies including 

the use of alum, the Nalgonda technique, bone char filters, 

contact precipitation and adsorption by locally made 

activated carbon, have been studied for their application in 

decentralized systems [40]. Among these methods, 

adsorption by activated carbon presents an effective 

physicochemical method for defluoridation [17]. 

Activated carbon (AC) is an amorphous, versatile, black, 

porous material with high surface reactivity and large surface 

area in the range of 500 to 1500 m
2
/g that is capable of 

defluoridation by adsorption [3]. The AC can be prepared 

chemically by treatment of carbon rich materials with 

phosphoric acid (H3PO4) or hydroxides of sodium and 

potassium, followed by pyrolysis at temperatures of 350 to 

600ºC in an inert environment [1]. 

Adsorption involves the diffusion of the dissolved 

contaminant species to the solid phase surface, and adhesion 

by weak intermolecular forces. It occurs in three phases 

namely; external mass transfer, diffusion through the micro 

pores and intra-particle diffusion [35, 17, 30]. Adhesion of 

fluoride ions to the surface of AC involves interactions such 

as ion exchange, hydrogen bonding, acid-base reactions, 

electrostaticity and complexation reactions with functional 

moieties like hydroxyl (-OH) and carboxyl (-COOH), present 

on the AC surface [13, 27]. 

The efficiency of AC in defluoridation depends on the 

characteristics of raw water and the adsorbent, including the 

initial fluoride concentration, temperature, contact time, 

adsorbent dosage, co-existing ions and pH [24]. On the other 

hand, the characteristics of the adsorbent, depend on the 

properties of the precursor used, which influences the quality 

of AC produced and ultimately, its adsorptive capacity [25]. 

Generally, any precursor with elementary carbonaceous 

composition can be used for production of AC. However, a 

good precursor should have low volatile matter, low organic 

compounds and large mechanical and thermal resistance [9]. 

Other factors influencing the choice of a precursor include its 

availability, ease of desorption and alternatives for sludge 

disposal [26]. Lignocellulosic biomass from plants presents 

suitable precursors based on their affordability, renewability 

and proportions of ash, volatile matter and carbon [18]. Plant 

materials such as walnut shells, coconut shells, fruit stones, 

olives, seaweed, and agricultural wastes such as watermelon 

peel and rice straw, have been used successfully in the 

production of ACs [53, 7, 10]. 

Water hyacinth (WH) is a flowering aquatic plant of the 

Pontederiaceae family that grows on water surfaces, and 

reproduces by runners. The plant can propagate a 

hundred-fold in only 23 days, and double its mat size in 

about 2 weeks, making it invasive to the aquatic ecosystem 

[8, 11]. The reproductive characteristic of WH qualifies it as 

a renewable resource with potential for numerous uses 

including biofuel, fertilizer and as a precursor in AC 

production [48, 39]. The lignocellulosic properties of WH 

and its low ash content are consistent with other plant 

biomasses that have successfully been used for AC 

production [14]. For example, WH collected from Lake 

Victoria in Kenya, revealed crude fibre and ash contents of 

19.4 and 31.9% of the water hyacinth dry mass, respectively, 

indicating its suitability for production of quality AC [38]. 

The use of WH in the production of AC can lower the 

demand on non-renewable precursors such as coal, lignite 

and petroleum coke [18]. This study prepared and 

characterized activated carbon from WH stems, and 

evaluated its removal of fluoride from water. 

2. Materials and Methods 

2.1. Sample Collection and Preparation 

Water samples were obtained from a borehole in Nakuru at 

coordinates 0
o
10’48” S, 35

o
 58’ 29” E. The samples were 

collected in plastic containers pre-rinsed with distilled water, 

at peak water usage and slow pumping rate. Before collection, 

the borehole system was purged for 20 minutes to remove any 

stagnant water in the casing. The temperature and pH of the 

water samples were recorded at the point of collection with the 

use of a handheld immersion temperature probe and pH meter 

(Hanna HI 9812). The fluoride concentration was tested at the 

lab using a high range fluoride meter (Hanna HI 96739) before 

storage of the samples awaiting defluoridation tests. 

Water hyacinth samples were collected from Kisumu Port 

of Lake Victoria at coordinates 0°09'39.3" S, 34°33'14.6" E. 

Mature, healthy water hyacinth plants were selected, their 

leaves and roots cut off and the stems kept for use in 

preparation of AC. Figure 1 shows the groundwater and water 

hyacinth sampling locations. 
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Figure 1. Groundwater and Water hyacinth sampling points. 

2.2. Preparation of WHAC 

Water hyacinth (WH) stems were cleaned using distilled 

water and then soaked overnight in 0.25M (EDTA) to remove 

any metal ions on the surfaces. Approximately 15 kg of the 

stem samples were sun-dried for 3 days and subsequently in a 

Biobase HAS T50 oven at 110°C for 24 hours to drain excess 

moisture from the stems. The dry WH stems were impregnated 

with H3PO4 by soaking in H3PO4 three times their weight, to 

introduce chemical functional groups on the surface of the 

material [19], and then oven dried at 110°C for 48 hours. The 

dried stems were placed in a muffle furnace and heated 

gradually at a rate of 5°C /min up to 600°C for 3 hours in the 

absence of air [53]. The resultant WHAC was cooled to room 

temperature before cleaning using distilled water to a stable 

supernatant pH of 6-7. The WHAC was then oven-dried at 

110°C for 24 hours before grinding to a size passing 125µm 

sieve. The powdered WHAC was stored in desiccators awaiting 

characterization and application in defluoridation experiments. 

2.3. Characterization of WHAC 

A magnified image of WHAC was obtained using a 

NeoScope JCM-7000 benchtop scanning electron microscopy 

(SEM) machine while the chemical composition was 

determined by Bruker Fourier Transform Infrared Spectroscopy 

(FT-IR) machine. Proximate analysis was conducted following 

ASTM D7582-10 method to obtain ash and moisture content, 

volatile matter and fixed carbon content. The pH of WHAC was 

obtained by placing 1.0 g of WHAC in 100 mL of distilled 

water, stirring and then filtering with a glass fiber filter paper 

and measuring the pH of the filtrate with a Hanna HI 9812 pH 

meter. The bulk density of WHAC was also determined. The 

observed characteristics of WHAC were compared with the 

respective properties of CACs as established from 

manufacturer’s specifications and literature. 

2.4. Batch Adsorption Experiments 

Batch adsorption tests were undertaken to determine the 

effect of contact duration, pH and dosage on defluoridation 

efficiency of WHAC. To establish the influence of pH on 

adsorption, the pH of the water sample was varied between 3 

and 11 using 1M NaOH and HCl, while the WHAC dosage 

and contact duration were maintained at 0.2 g/100 mL and 120 

minutes, respectively. To determine the effect of adsorbent 

dosage on defluoridation efficiency WHAC dosages between 

0.2 and 1.6 g/100 mL were used while maintaining contact 

time at 120 minutes. The pH of the raw water was modified to 

the selected pH as established in the previous test. Similarly, 

to determine the effect of contact time, the pH and adsorbent 

dosage selected in the previous tests were used while varying 

contact time between 5 and 180 minutes. The groundwater 

dosed with WHAC was placed in conical flasks and mixed at 

200 rpm using a magnetic stirrer. The solid and liquid phases 

were separated by filtration using a glass fiber filter paper, and 

the fluoride concentration measured with Hanna HI 96739 
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fluoride meter [33]. Fluoride removal efficiencies were 

computed using equation (1) while the equilibrium fluoride 

adsorbed by WHAC determined using equation (2). 

R�%� = 100	x	
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Where; R is the fluoride removal efficiency (%), qe is the 

fluoride adsorbed per mass unit of WHAC (mg/g), m is the 

mass of WHAC (g), V is the volume of the solution (L). and 

C0, C and Ce represent initial, final and equilibrium fluoride 

concentration (mg/L) respectively. 

2.5. Adsorption Isotherms 

Adsorption isotherms provide a basis for design of 

adsorption-based treatment systems by providing information 

on the process equilibrium and the theoretical adsorption 

capacity for a given pollutant [44]. In this study, the Langmuir 

and Freundlich isotherm models, equations (3) and (4) 

respectively, were used because of their simplicity and 

applicability. 

�

��
=	

�

��
	+ 	

�

����

.
�


�
             (3) 

log	q� = 	log	K� +
�

 
log C�	          (4) 

Where; qe is the mass of adsorbate adsorbed for each mass 

of adsorbent (mg/g), Ce represents the concentration of the 

adsorbate at equilibrium (mg/L), q0 and KL the empirical 

constants relating to maximum adsorption capacity and free 

energy of adsorption respectively, Kf is the Freundlich 

capacity factor and n the Freundlich intensity parameter [33]. 

The mass of fluoride adsorbed for each unit mass of the 

adsorbent (qe) in the dosage tests was computed using the 

mass balance equation (2). The quantity of fluoride adsorbed 

for each unit mass of WHAC (qe) was plotted against the 

equilibrium fluorides concentration (Ce). Correlation 

coefficient (R
2
) was used to establish the best fitting 

adsorption isotherm. 

2.6. Adsorption Kinetics 

Adsorption kinetics dictate the time required for the 

sorption reaction and are used to give crucial information on 

mechanisms of contaminant adsorption, thereby predicting 

adsorption rates applicable in design of adsorption systems 

[12, 47]. From the residual fluoride concentrations obtained in 

the adsorption tests at different contact times, 

phenomenological fluoride uptake qt was determined by the 

mass balance expressed in equation (5). 

q" =
�
��
#��

�
	                (5) 

Where; qt is the mass of fluoride adsorbed per unit mass of 

WHAC (mg/g) at time t, Co and Ct represent fluoride 

quantities (mg/L) at time 0 and t (hours), V the volume of the 

water sample (liters), and m the mass of WHAC (g). 

To understand the adsorption kinetics of fluorides on 

WHAC, the experimental data was fitted onto Pseudo-first 

and second order kinetic models as expressed in their linear 

forms in equations (6) and (7) respectively. 

ln�q� − q"� = ln q� −k�t	           (6) 
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Kinetic constants k1 and qe were determined from the slope 

and intercept of the graph of ln(qe-qt) against t following 

equation (6). Similarly, values for constants qe and k2 were 

determined from the slope and intercept of the plot of 
"

�#
 vs t 

respectively as per equation (7). The applicable kinetic model 

was determined by establishing the correlation factor, R
2
 and 

comparing the qe obtained from experiments and the 

theoretical qe obtained from calculations [48]. 

3. Results and Discussions 

3.1. Chemical Analysis of Groundwater Samples 

The groundwater samples revealed an elevated fluoride 

concentration of 6.7 mg/L with a pH of 7.57 at 23ºC. The 

observed fluoride concentration exceeded both the WHO 

threshold of 1.5 mg/L and the Kenyan WASREB threshold of 

3.0 mg/L for exceptional cases in drinking water. The results 

underscore the need for a defluoridation option to reduce 

associated fluoride risks. 

3.2. Characterization of Water Hyacinth Activated Carbon 

The test results for WHAC revealed critical physical and 

chemical parameters including functional groups present, 

moisture content, ash content, fixed carbon content, bulk 

density and surface homogeneity, which are significant in 

determining the suitability and efficiency of WHAC in 

defluoridation. The following sub-sections present the 

characterization results. 

3.2.1. Proximate Analysis 

Proximate analysis established a moisture content of 

11.2%, ash content of 8.9% and volatile matter 13.2%, with 

the fixed carbon content computed as 66.7%. Table 1 

compares the proximate analysis results of WHAC and 

selected CACs. 

Table 1. Proximate Analysis for WHAC against selected CACs. 

Type of Activated Carbon 
Moisture 

Content (%) 

Volatile 

matter (%) 

Ash Content 

(%) 

Fixed Carbon 

(%) 
Reference 

Water Hyacinth Activated Carbon (WHAC) 11.22 13.21 8.89 66.68 this study 

Commercial Activated Carbon from EvaChem, Malysia  3.19 20.26 1.73 74.82 Mariah et al., 2023 

Norit W35 commercial activated carbon from Cabot 2.40 4.62 8.7 84.27 Mestre et al., 2022 
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The characteristics of WHAC were closely aligned with 

the selected CAC’s, with the ash content less than 10% and 

fixed carbon content greater than 65%. However, the 

departure in the moisture content of above 10% could be 

attributed to the impact of phosphoric acid used in the 

activation process. Generally, increased concentration of 

phosphoric acid leads to a rise in the number and volume of 

pores which in turn increases water absorption from the air 

[31]. The fixed carbon content gives an indication of the 

amount of carbon bound during pyrolysis after volatiles 

decompose. Fixed carbon proportions above 65% usually 

indicate good quality AC [4]. On the other hand, elevated ash 

contents indicate increased inactive sites, which reduce the 

active surface area of the AC and inhibits its adsorption 

capacity [29]. Based on the minimal moisture content, low 

ash content and high fixed carbon content, WHAC 

potentially has high surface area and porosity, which 

suggests that it is suitable for adsorption of fluorides in 

groundwater. 

3.2.2. Bulk Density and pH 

The pH and the bulk density for WHAC were 2.88 and 

0.123 g/cm
3
 respectively. The acidic pH can be attributed to 

the residual effect of concentrated phosphoric acid used in 

the activation process of WHAC preparation. Previous 

studies have reported the pH of CAC in the range of 6-7.3 

[49]. The bulk density of 0.123 g/cm
3
 was within the range 

for powdered activated carbons which have an average size 

of 20 microns, but below the range for granular CAC’s which 

is between 0.25 and 0.45 g/cm
3
. Generally, a high bulk 

density indicates more carbon in a given volume which 

translates to better adsorption. However, a much higher bulk 

density may also result in high pressure drop in the treatment 

system, which would slow down adsorption of the 

contaminant [23]. Based on its low bulk density, the WHAC 

had characteristics associated with ACs that are highly 

porous, easily regenerated and exhibiting fast adsorption 

kinetics. 

3.2.3. FT-IR Characterization 

Fourier Transform Infra-Red (FT-IR) Spectroscopy was 

used to establish the functional groups in WHAC. 

Absorbance and transmittance spectrums were generated 

from a wavenumber of 4000 to 500 cm
-1

. Interpretation of the 

spectroscopy of WHAC depicted by the infra-red spectrum 

used the absorbance spectrum due to its linearity with the 

concentration of the absorbing substance. Additionally, it 

gives more precise peaks as opposed to the transmittance 

spectrum whose percent transmittance is exponential [37]. 

Figure 2 presents the absorbance spectrum of WHAC. 

The peaks at 3388.49 and 3439.43 cm
-1

 are indicative of 

the O-H stretching vibration that is typically seen in the range 

of 3000 to 3600 cm
-1

, and that is due to intermolecular 

hydrogen bonding of compounds like alcohols, phenols and 

carboxylic acids. The peaks may further indicate the presence 

of hydroxyl groups in the WHAC [20]. On the other hand, 

the weak peak between 3000 and 3300 cm
-1

 may indicate the 

existence of secondary amines with the N-H bond. The peak 

at 1651.43 cm
-1

 can be linked with stretching vibration of the 

C=C bond in the aromatic ring such as polycyclic aromatic 

hydrocarbons (PAHs) and phenols, while the peak at 1257.47 

cm
-1

 can be linked with the C-O stretching vibration 

associated with the presence of ether or ester groups in the 

WHAC sample [36]. 

 

Figure 2. FT-IR absorbance spectrum for WHAC. 
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The presence of basic sites like hydroxyl and amine groups 

indicate WHAC’s high potential for adsorption of fluorides 

as these chemical groups interact with fluoride ions through 

electrostatics, hydrogen bonding and complexation reactions 

[27]. Additionally, the presence of the aromatic C=C double 

bonds shows the potential application of WHAC in the 

adsorption of pesticides and herbicides, while the presence of 

hydroxyl groups indicates its potential for adsorption of 

heavy metals. Moreover, presence of ether or ester groups 

indicate potential for adsorption of phenols [27]. 

3.2.4. SEM Analysis 

Micrographs from analysis of the Scanning Electron 

Microscopy (SEM) of the WHAC sample were used to 

provide information on the structure, surface morphology and 

composition. Figure 3 (a) and 3 (b) present the SEM 

micrographs of the WHAC at 300X and 800X magnification, 

respectively. 

  

                                 (a)                                                          (b) 

Figure 3. (a) WHAC micrograph at 300X, (b) WHAC micrograph at 800X. 

The SEM images revealed a rough and irregular surface 

texture with unevenly distributed particle sizes. Such 

properties reveal high porosity, a characteristic desired in an 

AC material. Additionally, the micrographs displayed an 

outer surface characterized by cavities and a honeycomb 

structure, signifying high surface area [46, 6]. Further, the 

images indicated that the pores were irregular and 

heterogenous and they were of different sizes. 

3.3. Batch Defluoridation Studies 

Batch experiments focused on determining the effect of pH, 

adsorbent concentration and duration of contact on 

defluoridation efficiency of WHAC. 

3.3.1. Effect of pH 

The defluoridation efficiency of WHAC was tested over 

a range of pH between 3 and 11 using 0.2 g WHAC /100 mL 

for 120 min. Table 2 depicts the results obtained from the 

tests. 

Defluoridation efficiency of WHAC decreased with an 

increase in pH, with the highest efficiency achieved at pH 3. In 

the batch experiments, the adsorbent was mixed with the 

groundwater sample to form an electrically charged colloidal 

suspension. At low pH, hydrogen ions (H
+
) in the solution 

made the WHAC surface more positive, increasing the 

electrostatic attraction of the negatively charged fluoride ions 

(F
-
). However, in the alkaline media, the competition for 

active sites on the adsorbent between F
-
 and hydroxyl ions 

reduced the efficiency of the defluoridation [43] by a 

moderate 5.4%. The moderate effect of pH on defluoridation 

allows for operational efficiency in regard to pH. 

Table 2. Effect of pH on defluoridation efficiency of 0.2g/100 mL for 120 min. 

Groundwater pH Initial Fluoride Concentration (mg/L) Final Fluoride Concentration (mg/L) Fluoride Removal Efficiency 

3 6.7 1.70 74.6 

5 6.7 1.80 73.1 

7 6.7 1.93 71.1 

9 6.7 1.97 70.7 

11 6.7 2.07 69.2 

 

3.3.2. Effect of Adsorbent Dosage 

Batch tests were conducted using pH 3 to establish the 

effect of WHAC dosage on the efficiency of fluoride removal. 

Table 3 presents a summary of the test results on adsorbent 

dosage. 
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Table 3. Effect of WHAC dosage on the defluoridation at 120 min contact and pH 3. 

WHAC Dosage in 100 mL of 

groundwater (g) 

Initial Fluoride Concentration 

(mg/L) 

Final Fluoride Concentration 

(mg/L) 
Efficiency of Fluoride Removal % 

0.2 6.7 1.67 75.1 

0.4 6.7 1.53 77.1 

0.6 6.7 1.43 78.6 

0.8 6.7 1.30 80.6 

1.2 6.7 1.17 82.6 

1.6 6.7 1.17 82.6 

 

The efficiency of fluoride removal increased from 75 to 

82.6% with increase in WHAC dosage from 0.2 to 1.2 g. 

However, the defluoridation efficiency plateaued at 82.6% 

with a further increase of WHAC dosage to 1.6 g. Although 

increase in the adsorbent dosage, increased the surface area 

and sorption sites allowing for more fluoride particles to 

attach to the adsorbent, the adsorption rate reduced with the 

equilibrium fluoride concentration. The WHO limit for 

fluoride concentration of 1.5 mg/L was achieved with a 

WHAC dosage of about 0.4 g/100 mL. 

3.3.3. Effect of Contact Time 

Testing for the influence of contact duration on adsorption 

was conducted at pH of 3 and adsorbent dosage of 1.2 g, for a 

contact time ranging from 0 and 180 minutes. Figure 4 depicts 

the effect of contact time of WHAC with groundwater samples 

on the residual fluoride concentration. 

 

Figure 4. Variation of residual fluoride concentration with contact time. 

The fluoride concentration decreased with increase in 

contact time up to 120 minutes. The first five minutes were 

characterized by high fluoride uptake attributed to readily 

available sorption sites in the AC, accounting for 90% of the 

total fluoride removed from the groundwater sample [43]. 

Between minutes 15 and 120, the removal rate slowed down, 

indicating intra-particle diffusion and adsorption in micro 

pores. 

3.4. Adsorption Isotherm Modelling 

The results of adsorption tests were modelled with the 

Langmuir and Freundlich isotherms for WHAC dosages 0.2 to 

1.6 g in 100 ml groundwater sample, initial fluoride 

concentration (Co) 6.7 mg/L and a contact time 120 minutes. 

Table 4 presents the equilibrium concentrations (Ce) and 

adsorption capacity qe, obtained for each WHAC dosage. 

Table 4. Equilibrium fluoride concentrations at different WHAC dosage. 

WHAC Dosage (g) in 100 mL of ground water Co (mg/L) Ce (mg/L qe (mg/g) 

0.2 6.7 1.67 2.517 

0.4 6.7 1.53 1.292 

0.6 6.7 1.43 0.878 

0.8 6.7 1.30 0.675 

1.2 6.7 1.17 0.461 

1.6 6.7 1.17 0.346 

 

The equilibrium data from the experiment was fitted in the 

Freundlich and Langmuir isotherm models as presented in 

following sub-sections. 
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3.4.1. Freundlich Isotherm 

A plot of Log qe against Log Ce was used to generate the 

Freundlich adsorption isotherm depicted in figure 5. 

 

Figure 5. Freundlich isotherm for adsorption of fluorides on WHAC. 

The equilibrium adsorption data demonstrated a good fit to 

the Freundlich isotherm model yielding a correlation factor 

(R
2
) of 0.9573 and a slope 1/n of 4.80. 1/n is indicative of the 

adsorption intensity and surface heterogeneity of the 

adsorbent. When n = 1, adsorption is homogenous and all 

adsorption sites on the adsorbent’s surface exhibit the same 

affinity for the adsorbate. When n < 1, the adsorption is 

favorable while when n > 1 the adsorption is unfavorable. For 

the observed n (0.2085) < 1, adsorption of fluorides on 

WHAC was favorable, which indicates that the adsorption 

sites on WHAC are heterogenous and have a high affinity to 

fluorides. Additionally, the 1/n (4.7972) > 1 denoted, 

adsorption of fluorides on WHAC was cooperative indicating 

that already adsorbed fluoride molecules positively influenced 

the adsorption of “new” fluoride ions. The Freundlich 

capacity factor Kf, was 0.1843; generally, a large Freundlich 

factor indicates large affinity of the adsorbent for the 

adsorbate. 

3.4.2. Langmuir Isotherm 

The experimental equilibrium data were also modeled with 

the Langmuir isotherm with the linearized equation (3). Figure 

6 depicts the plot of 1/qe against 1/Ce. 

 

Figure 6. Langmuir isotherm for adsorption of fluorides on WHAC. 

The Langmuir adsorption model provided a good fit to the 

experimental data yielding a correlation coefficient (R
2
) value 

of 0.9205, which was lower than that for the Freundlich 

isotherm. The result showed that the model only partially 

described the adsorption of fluorides onto WHAC. The 

Langmuir model presumes homogeneity of the adsorbent’s 

sites and that the adsorption process is monolayer. Therefore, 

it can be concluded that adsorption sites of WHAC are 

heterogeneous. This result is consistent with conclusions 

made from the Freundlich adsorption model. The observation 

that WHAC is heterogeneous is also consistent with the SEM 

images that indicated that WHAC surface is rough and 

heterogenous. 

3.5. Adsorption Kinetics 

Adsorption kinetics mathematically describe the rate of 

adsorption and are used to estimate the time required to attain 

equilibrium, the adsorption capacity of an adsorbent and the 

rate at which the adsorbent can remove an adsorbate from a 

solution. Adsorption kinetics studies were conducted by 

exposing 100 ml of the groundwater sample with 6.7 mg/L 

fluoride concentration to 1.2 g of WHAC for a contact time 

ranging between 5 to 180 minutes. The experimental data 

acquired from batch tests were fitted to pseudo-first order and 

pseudo-second order kinetic models. 

3.5.1. Pseudo-First Order Kinetic Model 

The linearized first order kinetic equation (6) was applied 

and a graph of ln (qe-qt) vs t was plotted. Figure 7 shows the 

plot of the pseudo-first order kinetic model. 

The experimental data was only partially described by the 

pseudo-first order kinetic model with a correlation coefficient 

(R
2
) of 0.9175. From the plot, the rate constant K1 was 

tabulated as 0.0272 min
-1

. On the other hand, the theoretical qe 

calculated from the plot was 0.0662 mg/g which differs 

significantly from the experimental qe which was 0.4608 mg/g. 

Based on this significant difference between the theoretical 

and experimental qe, it was concluded that adsorption of 

fluorides on WHAC did not conform to pseudo-first order 

kinetic model. 

 

Figure 7. Pseudo-first order kinetic model for adsorption of fluorides onto 

WHAC. 

3.5.2. Pseudo-Second Order Kinetic Model 

The linearized second order kinetic equation (7) was 

applied and a graph of t/qt vs t was plotted. Figure 8 shows the 

plot of the pseudo-second order kinetic model. 
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Figure 8. Pseudo-second order kinetic model for adsorption of fluorides 

onto WHAC. 

The experimental data exhibited a strong fit to the 

pseudo-second order kinetic model with a correlation factor 

(R
2
) of 0.9999. The rate constant K2 was tabulated as 1.2128 

min
-1

 while the theoretical qe calculated from the plot was 

0.4656 mg/g. This closely matches with the experimental qe of 

0.4608, showing that adsorption of fluorides onto WHAC 

conforms to the pseudo-second order kinetic model. From this 

finding, it was concluded that adsorption of fluorides by 

WHAC was predominantly by chemisorption involving the 

establishment of chemical bonds between fluorides and 

WHAC and that the rate-limiting step in the adsorption 

process was the chemical reaction between fluorides and 

WHAC [2]. 

Table 5. Pseudo-first order and pseudo-second order kinetic model constants for adsorption of fluorides onto WHAC. 

Kinetic model R2 K1/ K2 (1/min) qe (experimental) (mg/g) qe (calculated) (mg/g) 

Pseudo-first order 0.9175 0.0272 0.4608 0.0662 

Pseudo-second order 0.9999 1.2128 0.4608 0.4656 

 

Table 5 summarizes the constants obtained in pseudo-first 

order and pseudo-second order kinetic models. 

4. Conclusion 

The study show that WHAC presents a cost-effective 

option for defluoridation of groundwater in decentralized 

systems of developing countries. The characteristics of 

WHAC compared closely with two selected CACs namely, 

biomass-based Norit W35 and CAC from EvaChem with 

ash content of less than 10% and fixed carbon content 

above 65% suggesting that water hyacinth is a suitable 

precursor for activated carbon. Defluoridation of 

groundwater with the WHAC reduced fluoride 

concentration in the groundwater from 6.7 to 1.17 mg/L, 

which was within WHO’s drinking water threshold of 1.5 

mg/L. The pH of water samples has a moderate effect on 

defluoridation efficiency with an increase of 5.4% for pH 

change from pH 11 to 3. The defluoridation efficiency 

increased with WHAC dosage from 0.2 to 1.2 g WHAC/100 

mL from 75.1 to 82.6% with 68% efficiency achieved in 

first 5 minutes. The adsorption of fluoride on WHAC 

conformed to the Freundlich isotherm model indicating that 

it is heterogeneous. Additionally, the adsorption conformed 

to the pseudo-second order kinetic model with a correlation 

factor of 0.9999 compared to 0.9175 for the pseudo-first 

order kinetic model, suggesting that the process was 

predominantly chemisorption. The study recommends 

further research to establish the scalability of defluoridation 

with WHAC for continuous flow. 
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