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Graphical Abstract Abstract

Millions of people across the globe suffer from
health issues related to excessive fluoride levels in
drinking water. The objective of this study was to test
natural and modified rock materials as adsorbents
for the cleanup of fluoride-laden waters. Fluoride
uptake onto natural pumice and zirconium-—coated
pumice (Zr — Pu) packed fixed-bed adsorption
column was investigated. The extent of surface
modification with enhanced porosity of Zr — Pu was
evident from recorded SEM micrographs. A FTIR
study of pumice and Zr — Pu before and after
adsorption did not reveal any significant structural
! changes. The pH drift method demonstrated that
' pumice and Zr — Pu possesses positive charges at

\ pHpzc lower than 7.3 and 6.5, respectively. The
e T ® highest removal capacity of 225 mg/kg and 110
TS T B mg/kg were gained for Zr — Pu and pumice,
— respectively at pH = 2 and Qo = 1.25 mL/min.
Breakthrough time increases with decreasing pH and
flow rate. The experimental adsorption data was
well-matched by the Thomas and Adams-Bohart
models with correlation coefficients (R%), of > 0.980
(Zr — Pu) and > 0.897 (natural pumice), confirming
that the models are appropriate tools to design fixed-
bed column systems using volcanic rock materials.
Overall, coating of pumice with zirconium improved
the defluoridation capacity of pumice, hence, Zr — Pu
packed fixed-bed could be applied for the
defluoridation of excess fluoride from groundwater.
However, additional investigations on, for instance,
competitive ions effects are advisable to draw
definite conclusions.
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Introduction

Millions of people across the globe are exposed to high fluoride levels in drinking water. Consumption
of fluoride in low concentration (< 1.0 mg/L) has positive effects as fluoride is an essential
micronutrient necessary for the development of bone and dental enamel [1], however, it leads to the
development of fluorosis if it is consumed above the allowable limit (> 1.5 mg/L) [2]. Because of the
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severe health consequences related to fluorosis, water purification techniques such as reverse 0smosis
[3], chemical precipitation [4], electrocoagulation [5], coagulation sedimentation [6], ultrafiltration [7],
electrodialysis [8], ion exchange [9], and adsorption [10], are used for the defluoridation of
groundwater. Adsorption is still among the most widely employed methods, because of its high
efficiency, low cost, ease to use, and simple design of treatment units employing adsorption [11,12].
Efficient and low-cost water defluoridation materials are very crucial for underdeveloped countries.
Pumice is among the most encouraging and low-priced naturally available materials that have been
broadly examined and applied for pollutant removal in water treatment [13,14]. Surface-modified
pumice might be even a more effective adsorbent for water contaminants [15]. Pumice is abundant in
the Ethiopian Main Rift where fluorosis from a high fluoride level is common. Therefore, in this
study, we investigated and evaluated experimental parameters for water defluoridation with natural
pumice and zirconium — coated pumice (Zr — Pu) in packed columns.

Materials and Methods

Up-flow adsorption experiments were performed to investigate defluoridation from aqueous solutions
onto natural pumice and Zr — Pu. Repeatedly washed and dried pumice was crushed to a particle size
of 0.075 — 0.425 mm and 0.1 M ZrOCl,.8H,0 was used in the coating of zirconium onto pumice, with
a slight modification of the method used by Salifu et al. [16]. The Zr — Pu was washed repeatedly with
deionized water to remove unadsorbed zirconium and impurities, dried, and stored for subsequent use.
XRD, SEM, and FTIR were used to determine the crystalline structure, morphologies, and the
functional groups of pumice and Zr — Pu before and after adsorption, respectively, while XRF and
ICP-OES were employed to determine the oxide and elemental content respectively, of pumice. The
pH point of zero charge (pHpzc) of the adsorbent was determined by the pH drift method and the batch
equilibrium technique. A weighted amount of the adsorbent was packed uniformly into a column with
an inner diameter of 8.1 cm and a height of 10 cm as a fixed-bed absorber. A peristaltic pump was
used to pump the fluoride solution into the fixed bed and an automatic fraction collector was employed
to collect the effluent. lon chromatography was used to measure the fluoride concentration in the
effluent samples. We examined the effects of initial solution pH (2, 4, and 6) and flow rate (1.25, 2.50,
and 3.75 mL/min) on the shape of breakthrough curves and the amount of fluoride removed at constant
initial fluoride level (10 mg/L) and fixed-bed column height (10 cm).

Results and Discussion

The XRD analysis revealed that the amorphous phase/s is dominant enabling good accessibility for
fluoride. The SEM micrographs obtained for Zr — Pu before and after adsorption showed that the
surface of natural pumice was modified. The surface of Zr — Pu before adsorption is dense and larger
pores were noticed. The dense surface may be attributed to the coating of the exterior surface of
pumice with zirconium, while the formation of pores origins from the removal of water-soluble
compounds and dust by washing it repeatedly with deionized water. Sepehr et al.[17] reported the
improvements of porous structure and adsorption for surface modification of pumice. The surface of Zr
— Pu after adsorption exhibited a large but limited number of heterogeneous channels. This may be
owing to the slight reduction in particle structure of natural pumice during modification and adsorption
processes. Compatible remarks were also drawn in the previous study [18]. The FTIR spectra remained
almost unchanged for pumice and Zr — Pu before and after adsorption and consistent with a previously
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reported study [19]. The XRF and ICP-OES measurements showed that Si, Fe, and Al are major oxides
and elemental content of pumice. The values of pHpzc were measured to be 7.3 for pumice and 6.5 for
Zr — Pu. Breakthrough times were delayed and the treated water volume was greater at a lower pH and
flow rate. The maximum defluoridation capacity was 110 mg/kg for pumice and 225 mg/kg for Zr — Pu
at initial solution pH = 2 and influent flow rate (Qo) = 1.25 mL/min. The Thomas and Adams-Bohart
models very well depicted the experimental data with correlation coefficients of > 0.980 for Zr — Pu
and > 0.897 for natural pumice.

Conclusions

In this work, the fluoride uptake performance of the natural and Zr — Pu packed fixed-bed column
system was investigated. The ICP-OES and XRF analysis revealed that the adsorbent does not contain
any harmful substances which could possibly be released in a flow-through set-up. Fluoride adsorption
onto Zr — Pu and pumice was pH and input flow rate dependent. The maximum uptake capacity of
fluoride onto zirconium—coated pumice was 225 mg/kg (more than twice the capacity of pumice: 110
mg/kg), at pH 2 and input flow rate of 1.25 mL/min. A fixed-bed column of 265 g Zr — Pu can
generate more than 4 L of treated water with an acceptable fluoride level of < 1.5 mg/L. This study
demonstrated that the coating with zirconium doubled the adsorption capacity of pumice, making it a
very efficient adsorbent for defluoridation.
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