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a b s t r a c t 

Because arsenic (As) is highly toxic and carcinogenic, its efficient removal from drinking water is essential. 

Considering some adsorption media may adsorb As fast but are too expensive to be applied in a house- 

hold, while others could be abundantly available at low cost but with slow uptake kinetics, we explored 

a novel mass re-equilibrium (MRE) process between two media with different adsorption characteristics 

to enhance the overall As removal. We employed an adsorbent with fast adsorption kinetics to grab As 

from water, and then allow it to transfer to a second adsorbent with large capacity for As retention. In 

the system containing two adsorbents separated by a dialysis membrane, the results showed that As as- 

sociated with a fast-adsorbing iron-based ordered mesoporous carbon could diffuse to a slow-adsorbing 

but high-capacity iron-based activated carbon. Column tests were further conducted, showing that the 

mixed medium, composed of the two adsorbents, could be used to adsorb As at a very short empty bed 

contact time ( ≤ 1 min) and the removal was improved by the MRE that potentially redistributed solid- 

phase As during pump-off periods. This study points to a new direction that by the MRE process, novel 

binary-adsorbent approaches may be developed for contaminant removal, if suitable media and process 

configuration could be identified. 

© 2020 Elsevier Ltd. All rights reserved. 
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. Introduction 

Since the severe arsenic (As) contamination in Bangladesh was 

ncovered more than two decades ago ( SenGupta et al., 2017 ), 

remendous effort s have been devoted to mitigating this problem 

n the world ( Cui et al., 2013 ; Möller et al., 2009 ; Neumann et al.,

013 ; Peter et al., 2017 ; Xie et al., 2017 ). The As challenge, however,

till exists in many developing ( Cui et al., 2013 ; Schaefer et al.,

016 ) and developed ( McGrory et al., 2017 ; Middleton et al., 2016 ;

an and Flanagan, 2017 ) countries. Adsorption is one of the most 

ffective approaches for As removal due to its operational sim- 

licity and small footprint. The removal of As by various media 

as been extensively studied, including iron (Fe)-impregnated car- 

ons ( Wang et al., 2019b ). As adsorption is a ligand exchange pro-

ess with complexes formed on the surface with reactive Fe moi- 

ties ( Fendorf et al., 1997 ; Sherman and Randall, 2003 ). A sim-
∗ Corresponding author. 
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043-1354/© 2020 Elsevier Ltd. All rights reserved. 
lation demonstrated that such a reaction proceeds with three 

nergetically-favorable steps that progress from physical adsorp- 

ion, to monodentate complexation, and finally to bidentate com- 

lexation ( Farrell and Chaudhary, 2013 ). Facing the long-existing As 

roblem, revisiting treatment processes with adsorption is a must. 

Decentralized water treatment systems, such as point-of-use 

POU) units, have been widely used to produce safe drinking wa- 

er ( Pérez-Vidal et al., 2016 ; Peter et al., 2017 ; Sankar et al.,

013 ). In POU systems, the required hydraulic contact time is, 

.g., 32 seconds in one study ( Möller et al., 2009 ), an order of

agnitude shorter than the necessary contact time of conven- 

ional adsorption towers in community water treatment plants 

 Chen et al., 2007 ; Tresintsi et al., 2013 ). Though adsorbents with

apid As adsorption kinetics have been developed, including Fe- 

mpregnated ordered mesoporous carbon ( Wang et al., 2019b ), 

anoscale Fe/mesoporous carbon composite ( Baikousi et al., 2015 ), 

ybrid microspheres ( Moraga et al., 2019 ), metal-organic frame- 

orks ( Wang et al., 2019a ), and nanomaterials ( Mertens et al., 

016 ; Yang et al., 2010 ; Zhao et al., 2016 ), the cost of these

https://doi.org/10.1016/j.watres.2020.116676
http://www.ScienceDirect.com
http://www.elsevier.com/locate/watres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2020.116676&domain=pdf
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dsorbents is prohibitively high and very few of them can reach 

he market. On the other hand, many other low-cost adsorbents 

ave been examined, such as modified geomedia ( Ray et al., 2019 ), 

ailored biochars ( Bakshi et al., 2018 ; Hu et al., 2015 ), and Fe-

mpregnated granular activated carbon ( Kalaruban et al., 2019 ). 

owever, because of the slow uptake rates, their application in 

OU systems is rather limited. The focus of this study is therefore 

o explore if we could integrate these two types of adsorbents with 

n innovative process configuration for the enhanced As removal. 

This exploration was partially inspired by the work from Morel 

nd Hering ( Morel and Hering, 1993 ) who established a pseudo- 

quilibrium model describing a competitive relationship between 

wo ligands with a metal ion. The pseudo-equilibrium could be 

eached quickly with the ligand possessing a rapid complexation 

inetics, but the system eventually proceeded to a true equilibrium 

ith the one that had a slower kinetics but a higher affinity, by 

eplacing the initially-complexed ligand (see details in section 3.3 ). 

y analogy, we hypothesized that it was possible to use two media, 

ne with fast adsorption kinetics but low affinity, and the other 

low kinetics but high affinity, to remove a contaminant more 

fficiently. The re-equilibrium would involve in the contaminant 

ransfer from the fast-adsorbing medium to the one with a slower 

dsorption kinetics. 

Specifically for arsenate (As(V)) adsorption, the concept of this 

ass re-equilibrium (MRE) can be illustrated by the following two 

eactions: 

M 

′ As �≡ M 

′ + As (1) 

M 

′ ′ + As �≡ M 

′ ′ As (2) 

here As(V) in pseudo-equilibrium with the faster adsorption sur- 

ace ( ≡ M 

′ ) could be transferred to the slower but stronger ad- 

orbing surface ( ≡ M 

′′ ) . The use of the mixed medium may there- 

ore result in an overall fast kinetics, high capacity, and affordable 

pplication cost. This MRE concept is analogous to the informa- 
ig. 1. A schematic illustrating the dual media system for As(V) adsorption. Adsorption kin

isk platter. In a hard disk drive, data are transferred from fast-reading cache to large-sto

eOMC is transferred to virgin FeACs with larger compacities. Media are separated by a di

eOMC{FePAC}, the small black dots denote the As(V)-loaded FeOMC in the bulk solution

eAC (FePAC) is confined. 

2 
ion storage system in a computer where a cache buffer is used to 

uickly store and transfer information, while a disk platter to store 

opious quantities of data ( Fig. 1 ). 

The goal of this study was to test our hypothesis that the MRE 

rocess between two adsorbents could be used for the enhanced 

s(V) removal. Specific objectives were to: 1) investigate As(V) ad- 

orption kinetics and capacities on various Fe-based carbons to se- 

ect suitable media for the MRE process evaluation; 2) monitor 

s(V) transport between different media in a batch-scale reactor 

refer to Fig. 1 ); 3) understand the MRE process using batch exper- 

mental data and solid sample characterizations; and 4) evaluate 

he feasibility of engineering MRE process in well-packed column 

xperiments. 

. Experimental 

.1. Chemicals 

Sodium arsenate (Na 2 HAsO 4 •7H 2 O), sodium nitrate (NaNO 3 ), 

odium hydroxide (NaOH), ferric nitrate (Fe(NO 3 ) 3 •9H 2 O), Pluron- 

c® F-127 (MW = 12600, EO 106 -PO 70 -EO 106 ), phenol, formalin 

37 wt. % formaldehyde), 3-(N-morpholino)propanesulfonic acid 

MOPS), ammonium persulfate, 1, 10-phenanthroline, and hydroxy- 

amine hydrochloride were purchased from Sigma-Aldrich. Concen- 

rated HNO 3 , HCl, and H 2 SO 4 were procured from Fisher. All chem- 

cals were of reagent grade. Arsenic stock solution (500 mg As/L) 

as prepared from Na 2 HAsO 4 •7H 2 O, and then filtered through 

.45 μm cellulose membrane. Milli-Q water (18.2 M �•cm) was 

sed to prepare solutions. 

.2. Preparation of Fe-based carbonaceous adsorbents 

Three types of carbons were selected for the study, based on 

heir differences in particle size and porous structure (Table S1 
etics and capacity are compared to the information storage in computer cache and 

rage disk platter. Similarly, during the MRE process, As(V) loaded on fast-adsorbing 

alysis tubing in a glass dish. In the experiments of As(V)-FeOMC{FeGAC} and As(V)- 

 and “{}” represents the dialysis tubing where granular FeAC (FeGAC) or powdered 
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f Supplementary Materials): ordered mesoporous carbon (OMC), 

ranular activated carbon (GAC), and powdered activated carbon 

PAC). By oxidizing all carbons for both 12 h and 24 h respectively, 

ix carbon samples were acquired (see Text S1 and Figs. S1-S2 for 

etails). The oxidation was to aid Fe impregnation that followed a 

eported protocol ( Chen et al., 2007 ). Briefly, 2.0 g of oxidized car-

ons were mixed with 200 mL of 0.10 M Fe(NO 3 ) 3 solution at pH

.0 for 1.5 h. Suspensions were heated at 96 ± 1 °C until dry, and

hen the dry solids were washed thoroughly. The prepared adsor- 

ents were named with subscripts indicating the average Fe con- 

ents, i.e., Fe 3 OMC, Fe 6 GAC, and Fe 23 PAC denoted the contents of 

.05%, 6.51%, and 23.2%, respectively. 

.3. Batch experiments: As(V) adsorption 

The prepared adsorbents were firstly assessed in batch tests 

or their As(V) adsorption characteristics. Batch tests were con- 

ucted with 20-mL capped glass vials at room temperature (22 ±
 °C), and all working solutions contained 50.0 mM NaNO 3 as back- 

round electrolyte. Final pH was controlled at 6.6 ± 0.1 by 2.0 mM 

OPS buffer, which did not interfere with As(V) adsorption on Fe 

inerals ( Couture et al., 2013 ; Wolthers et al., 2005 ). 

Preliminary tests were carried out to identify adsorbents with 

ifferent adsorption kinetics. The empirical pseudo-first-order rate 

onstants were firstly compared between two candidates from the 

ame parent carbon, and the faster one was selected for all remain- 

ng experiments (Table S2). 

Kinetic experiments were performed by adding 10.0 mg ad- 

orbent into 10.0 mL of 49.9-51.0 μg As/L solutions. The suspen- 

ions were stirred at 500 rpm on a magnetic stirrer and the su- 

ernatants were sampled to monitor the change of As concentra- 

ion as a function of time. For FeOMCs and FePACs, the adsorption 

quilibrium was reached in 20 and 30 min, respectively, while for 

eGACs, it took 12 h (data not shown). Additional kinetic tests last- 

ng for 24-hour were conducted for Fe 3 OMC and Fe 6 GAC, in which 

.0 mg of each medium was dosed to 10.0 mL of 2.17 mg As/L 

olutions in separate 20-mL glass vials and then were mixed on 

n end-over-end shaker (Glas-Col, Terre Haute) at 50 rpm. Sam- 

les were taken at 0.1, 0.3, 0.7, 1, 3, 6, 9, 12, 15, 18, and 24 h for

s analysis following filtration by 0.22 μm polyethersulfone (PES) 

embranes. 

Adsorption isotherms were measured with the bottle-point 

ethod ( Schideman et al., 2006 ). All suspensions with pre- 

etermined As to solid ratios were mixed on the shaker at 50 rpm 

or 24 h prior to As analysis. Controlled experiments with virgin 

arbons were also conducted in duplicate. 
able 1 

ass Balance Evaluation for Mass Re-equilibrium (MRE) Process. 

Fe 3 OMC{Fe 6 GAC} 

Input Output 

Time (d) 0 b 1 

As amount ( μg) Loaded c to or recovered d from Fe 3 OMC 95.6 51.8 

Recovered d from Fe 6 GAC or Fe 23 PAC N/A e 12.4 

In liquid phase f 23.1 26.7 

Sum 119 90.9 

Add recovered amount from dialysis tubing ( = 2.45 μg) 93.3 

Recovery percentage (total output/input, %) 78.6 

a Control experiments of Fe 3 OMC{Solution II} 
b 0 d is the time when As is loaded to Fe 3 OMC before the MRE process 
c Amounts loaded to Fe 3 OMC are determined with Solution I at MRE 0 d 
d Recovery amounts are for As in solid phase at MRE 1, 3, 5 d by alkaline extraction 
e N/A = not applicable 
f liquid-phase amounts at MRE 0 d are calculated with the 0.5-mL supernatants, and l

o evaporation. All data are means by duplicate experiments. 

3 
.4. Dialysis experiments: MRE assessment 

Experimental set-up to evaluate MRE is shown in Fig. 1 . Dupli- 

ate experiments were carried out at room temperature with the 

ame pH and background electrolyte as the batch tests. Data were 

eported as means unless otherwise specified. The first step was 

o couple As-loaded adsorbent with virgin ones. Explicitly, 30.0 mg 

f Fe 3 OMC was mixed with 30.0 mL of 48.5-50.6 mg As/L work- 

ng solutions in centrifuge tubes at 50 rpm on the shaker for 24 h, 

nd then were centrifuged at 10,0 0 0 rcf at 22 °C for 20 min. After-

ards, 29.5 mL of supernatants were drawn with pipette, leaving 

.5 mL in the centrifuge tubes. A sample, named as Solution I, was 

aken by filtering the supernatant through a 0.22 μm PES mem- 

rane. The amount of As(V) loaded to Fe 3 OMC, reported as the 

mount at day 0, was calculated by the As concentration differ- 

nce between the initial working solution and Solution I. Another 

eplicate was sacrificed to obtain a freeze-dried solid sample for 

haracterizations. 

A glass dish (Fig. S3) was filled with 50.0 mL solution with 50.0 

M NaNO 3 and 2.0 mM MOPS (named as Solution II). 60.0 mg 

f virgin adsorbent (Fe 6 GAC or Fe 23 PAC) was placed into a cellu- 

ose dialysis tube (7-8 cm length and 3.4 cm flat width) with a 

olecular weight cut-off of 50 kDa (Spectra/Por® 6, Spectrum). Af- 

er the tubing with the virgin adsorbent was moved into the dish, 

he As-loaded Fe 3 OMC was transferred to the reactor along with 

.5 mL supernatant. Solution II was again used to transfer the trace 

mount of leftover in the centrifuge tube. Only an extra 8.0 mL of 

olution II was allowed, indicating the total volume of 58.5 mL at 

he beginning. 

The reactor was covered by a parafilm and then a foil, magnet- 

cally stirred at 600 rpm for 1, 3, and 5 day. Control experiments, 

e 3 OMC{Solution II} (“{}” = dialysis tubing), were performed for 1 

nd 5 day to account for desorption of As(V) from Fe 3 OMC without 

he other adsorbent in the reactor. When the reaction was com- 

leted, supernatant was carefully withdrawn and filtered through a 

.22 μm PES membrane to collect Solution III. Total As of Solution 

II was analyzed for the liquid-phase As amount after MRE reac- 

ion, with all analytical details for Solutions I, II, and III described 

n Table 1 . 

After taking the dialysis tubing out of the reactor, particles 

ere transferred, with the supernatant if needed, and vacuum fil- 

ered through a 0.45 μm cellulose membrane. The particles along 

ith the membrane were placed into 20.0 mL of 0.5 M NaOH 

olution in a centrifuge tube, mixed on the shaker at 50 rpm 

or 24 h to recover As(V). The NaOH concentration of 0.5 M was 

mployed following the literature ( Cumbal and SenGupta, 2005 ; 
Fe 3 OMC{Fe 23 PAC} Control a 

Input Output Input Output 

3 5 0 1 3 5 0 1 5 

51.5 43.5 95.0 38.6 37.9 37.3 95.5 72.8 69.8 

25.7 38.1 N/A 26.7 44.6 51.0 N/A N/A N/A 

31.8 22.3 22.6 14.5 6.95 9.23 23.8 43.4 40.3 

109 104 118 79.8 89.5 97.5 119 116 110 

111 106 82.2 91.9 100 119 113 

93.8 89.6 69.9 78.1 85.0 100 94.3 

iquid-phase amounts at MRE 1, 3, 5 d are estimated with Solution III by assuming 
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arkar et al., 2008 ). After extraction, samples were filtered through 

 0.22 μm PES membrane for As analysis to calculate the recov- 

ry amount. For Fe 3 OMC{Fe 23 PAC} experiment, one more replicate 

as sacrificed after 5 days’ reaction for solid characterizations. For 

e 3 OMC{Solution II} control experiment at 5 day, Fe 3 OMC, dialy- 

is tubing, and 0.45 μm cellulose membranes were respectively 

reated by the same protocol for As(V) recovery. 

.5. Column experiments: demonstration of MRE process 

The application feasibility of MRE was tested in column runs 

sing columns packed with Fe 3 OMC, Fe 6 GAC, and the mixed 

edium of Fe 3 OMC and Fe 6 GAC. Specifically, 300-mg solids (0.4- 

L bed volume) were packed into 2.5-mL columns (0.9 cm of di- 

meter, 3.9 cm of length, Boca Scientific). For the mixed-medium 

olumn, a total of 100-mg Fe 3 OMC and 200-mg Fe 6 GAC were 

acked into the column via 4 portions for each, and were added al- 

ernatively to help mixing. Glass wool, glass beads, and membrane 

lters (10- μm, Boca Scientific) were placed into the top and the 

ottom of each column to support the solid. An upflow fashion was 

pplied and an As(V)-spiked solution was supplied by a peristaltic 

ump (Masterflex® L/S®, Cole-Parmer). The influent solution was 

uffered with MOPS (2.0 mM) at pH 6.6, spiked with NaNO 3 

50.0 mM), and stored in a Nalgene bottle. Two modes were used, 

amely, the 10-h-on-14-h-off and non-stop modes. For the former, 

he empty bed contact times (EBCTs) of columns packed with the 

ixed medium, Fe 3 OMC, and Fe 6 GAC were set to 1.00, 0.95, and 

.93 min, respectively; for the latter, EBCTs were 0.95, 0.91, and 

.91 min, respectively. According to the standard method of Amer- 

can Society for Testing and Materials ( ASTM, 2014 ), columns were 

ed with deionized water for 1 h and then the feedwater was 

witched to the As(V) test water. 

.6. Chemical analyses 

Total As was analyzed by an atomic absorption spectropho- 

ometer with graphite furnace (210 VGP, Buck Scientific) or by 

n inductively-coupled plasma optical emission spectrometer (iCAP 

500, Thermo-Fisher). Check standards were analyzed regularly, 

hich showed < 3% relative standard deviation typically. Fe con- 

ent was determined by a modified 1,10-phenanthroline photomet- 

ic method as reported previously ( Gu et al., 2005 ). 

.7. Characterizations 

Morphology and structure of solids were examined by a trans- 

ission electron microscope (TEM, JEOL 1400). The coated Fe 

orms were evaluated by the high-resolution TEM (HRTEM Tecnai 

30, FEI) and fast Fourier transform (FFT) patterns. Energy-filtered 

EM (EFTEM) images and electron energy loss spectroscopy (EELS) 

pectra were obtained by a Quantum Gatan Imaging Filter. The 

ELS raw spectra, numerically filtered by the second derivative (1.7 

V negative and 4.1 eV positive window width ( Botton et al., 1995 ))

n Gatan Digital Micrograph software (version 3.20), were analyzed 

s referencing Fe valance to the intensity ratio of Fe L 3 to L 2 elec-

ron core-shell transitions ( Cosandey et al., 2012 ; Klie and Brown- 

ng, 2002 ). Mineralogy of samples was studied by X-ray diffrac- 

ion (XRD) (Ultima IV, Rigaku, with Cu K a radiation at 40 kV, 44 

A, and λ = 1.54 Å). The oxygen-containing functional groups 

n carbon surface were investigated by Fourier-transform infrared 

FTIR) spectroscopy (Cary 600, Agilent Technologies). Nitrogen ad- 

orption/desorption isotherms at 77 K were conducted on a micro- 

ore physisorption analyzer (ASAP 2020Plus HD88, Micromeritics). 

runauer-Emmett-Teller and Barrett–Joyner–Halenda theories were 

pplied to determine specific surface area and pore size distribu- 

ion, respectively. 
4 
As(V) transport for the MRE process was visualized by a focused 

on beam scanning electron microscope (FIB-SEM, Scios DualBeam, 

EI) equipped with an X-ray energy dispersive spectrometer (EDS, 

-Max N , Oxford Instruments). Valence state of As and Fe for the 

RE samples was determined by X-ray photoelectron spectroscopy 

XPS, PHI Quantera SXM, PHI-USA) utilizing a scanning X-ray mi- 

roprobe with an aluminum mono source. All measurements were 

erformed with 26.0 eV pass energy at a 200- μm X-ray spot size. 

he binding energy was calibrated by referencing the C 1s line at 

84.8 eV ( Scott et al., 2005 ) and the spectra were processed with

PSPEAK41 software (see Text S1 for details). 

. Results and Discussion 

.1. Characteristics of Fe-based carbons 

To select suitable media in dialysis and column experiments, 

he solids were first characterized for their porous structures, and 

hen appraised in batch adsorption tests for their ability to ad- 

orb As(V). Fig. S4 showed that the OMC had a highly-ordered 

orous structure, in contrast to both PAC and GAC. The uniform 

orous structure of OMC was evidenced by the small-angle XRD 

attern of OMC with (100) and (110) reflections (Fig. S5) and the 

harp pore size distribution (Fig. S6), in consistency with litera- 

ure ( Meng et al., 2006 ; Wu et al., 2010 ). The average particle

izes/ranges for OMC, PAC, GAC were 0.539, 30-42, and 80 0-110 0 

m, respectively (Fig. S7 and Table S1). 

After oxidation, the OMC surface gained more functional groups 

s shown by the FTIR spectra (Fig. S2A), in which the bands at 

629/1639 cm 

−1 may be ascribed to the vibration of C = O bond 

quinone groups) ( Pakuła et al., 1998 ; Ramesh and Sampath, 2001 ) 

nd 3448/3458 cm 

−1 to O-H bond (phenolic hydroxyl groups) 

 Pradhan and Sandle, 1999 ; Ramírez et al., 2008 ). Virgin PAC and

AC had some functional groups. After oxidation (Figs. S2B-C), the 

ands at 1723-1725 cm 

−1 (the vibration of C = O stretching), to- 

ether with the bands at 3437-3453 cm 

−1 (hydroxyl groups), could 

e assigned to carboxyl groups ( Moreno-Castilla et al., 1995 ). The 

mount of Fe adsorbed on carbon surface correlated with the total 

mount of hydroxyl-like and carboxyl groups ( Pakuła et al., 1998 ), 

hich explained that the least amount of Fe was coated on the 

arboxyl-free OMC. 

We also analyzed how Fe particles aggregated in the carbon 

ubstrate. Some Fe of Fe 3 OMC formed separated “islands” (Fig. S8), 

nlike Fe 6 GAC and Fe 23 PAC with Fe basically covering both outer 

nd inner surfaces (Figs. S9 and S10). The covering explained a 

harp decrease of the specific surface areas in comparison with 

heir parent carbons: they were reduced from 877 to 372 and from 

50 to 183 m 

2 /g, respectively, for Fe 6 GAC and Fe 23 PAC. The accom- 

anied loss in pore volumes was from 0.530 to 0.230 and 1.02 to 

.186 cm 

3 /g, respectively. For Fe 3 OMC, however, the specific sur- 

ace area was increased from 554 to 637 m 

2 /g, possibly because 

he island-like structure had created more space as the pore vol- 

me increased from 0.344 to 0.414 cm 

3 /g. It is reported that spe- 

ific surface area is positively related to pore volume ( Gniot et al., 

009 ; Li et al., 2013 ). Among three parent carbons, the highest 

ore volume of PAC (1.02 cm 

3 /g) had allowed the most Fe to ag- 

regate in the porous structure, potentially leading to the largest 

s(V) adsorption capacity. 

Figs. S5A, S6B, and S8A showed the ordered mesoporous chan- 

els were maintained after oxidation and Fe-coating. According to 

aw EELS spectra (Fig. S11), both Fe L and O K edges were de- 

ected. And the Fe L 3 / L 2 intensity ratios for all three adsorbents 

ere larger than 5.25, suggesting the Fe valence as + 3.0 accord- 

ng to literature ( Cosandey et al., 2012 ; Salafranca et al., 2012 ).

ased on the FFT analysis (Figs. S11 and S12), the Fe phase on 

oth Fe GAC and Fe PAC may be hematite as the lattice interpla- 
6 23 
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Fig. 2. Adsorption kinetics and isotherms. (A) Kinetics of As(V) adsorption at a solid loading of 1.0 g/L and initial concentrations of 49.9-51.0 μg As/L, monitored at 1200- 

second time durations; (B) As(V) adsorption isotherms on various Fe-based adsorbents determined using a 24-h equilibrium time, and the corresponding fitting curves based 

on the Freundlich model (Table S3); (C) Kinetics of As(V) adsorption at a solid loading of 0.5 g/L and initial concentration of 2.17 mg As/L, monitored at 24-hour time 

durations. Separate vial was used for each time point and MCL means maximum contamination level. Experimental conditions: pH = 6.6, I = 0.05 M, and T = 22 °C. 
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ar distances (see FFT results in Text S2) correspond to planes of 

ematite based on Joint Committee on Powder Diffraction Stan- 

ards (JCPDS) Card No. 33-0 6 64, compared to maghemite likely 

n Fe 3 OMC based on JCPDS Card No. 39-1346 (Text S2). Two dis- 

inct phases were observed with the same Fe-coating protocol, to- 

ether with the EFTEM images exhibiting C, O, and Fe distributions 

Fig. S13), suggesting that the crystallographic forms of iron oxides 

ay be affected by the surrounding carbon matrices. The forma- 

ion mechanisms of iron oxides on carbonaceous materials need 

o be further studied. Nevertheless, we characterized Fe 3 OMC with 

IB-assisted HRTEM to show the embedment of Fe in the carbon 

atrix (Fig. S14). 

.2. Batch experiments 

Various carbonaceous adsorbents might have very different 

s(V) uptake rates under otherwise comparable conditions mainly 

ecause of their differences in particle size and porous structure. 

oth Fe 23 PAC and Fe 3 OMC removed As(V) from ~50.0 to below 10.0 

g As/L, the maximum contamination level ( Zhang et al., 2017 ), 

ithin less than 300 s, while the As concentration in the system 

ith Fe 6 GAC at 300 s remained above the level ( Fig. 2 A). Given the

s(V) uptake rate is “inversely-proportional to the square of par- 
5 
icle radius” ( Badruzzaman et al., 2004 ), the slowest uptake rate 

f Fe 6 GAC may be partially due to the largest grain size of the 

AC that is 80 0-110 0 μm. The well-documented “highway” mass 

ransfer effects ( Korenblit et al., 2010 ), as represented by rapid 

ptake of ordered mesoporous materials, were observed for the 

aster adsorption on Fe 3 OMC than on Fe 23 PAC when time < 100 

. With a much higher Fe content for the latter, however, the ad- 

orbed amount caught up with the former at 120 s; the similar 

rend was observed previously ( Gu et al., 2007 ). According to the 

ore size distribution (Figs. S6C-D), the existence of larger pores 

 > 5 nm) for Fe 23 PAC and the highest fraction of small pores ( <

.5 nm) for Fe 6 GAC corresponded to the fastest and the slow- 

st adsorption rate, which was consistent with other studies for 

 positive correlation between fast mass transfer and large poros- 

ty ( Badruzzaman et al., 2004 ; Hristovski et al., 2008 ). Fitting ki-

etic data of Fe 23 PAC, Fe 3 OMC, and Fe 6 GAC with the intraparticle 

iffusion model ( Kim et al., 2004 ; Yu et al., 2009 ) gave the rate

onstants of 2.24, 2.12, and 0.633 μg g −1 s −0.5 , respectively (see 

etails in Table S2), suggesting that the rate-limiting step was in- 

raparticle diffusion. 

The control experiments showed that parent carbons cannot ad- 

orb much As(V), that is, ~0.091, ~0.174, and ~0.347 mg As/g for 

MC, PAC, and GAC, respectively. The adsorption capacities mea- 
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Fig. 3. The As amounts (unit in μg) in solid phase after 1, 3, 5 d MRE reactions for (A) Fe 3 OMC{Fe 6 GAC} and (B) Fe 3 OMC{Fe 23 PAC} experiments. Fe 3 OMC{Solution II} 

experiments are the control. Amounts at MRE 0 d correspond to As amounts loaded to Fe 3 OMC. Data are expressed as mean ± range by duplicate tests with error bars for 

ranges. As amounts in liquid phase, estimated with Solution III, are seen in Table 1 . Solutions I, II, and III are defined in section 2.4 . The mass ratio of Fe 3 OMC to Fe 6 GAC (or 

Fe 23 PAC) is 1 to 2. Experimental conditions: pH = 6.6, I = 0.05 M, and T = 22 °C. 
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ured for Fe 3 OMC, Fe 6 GAC, and Fe 23 PAC ( Fig. 2 B) were 6.44, 10.4,

nd 15.7 mg As/g, respectively, in accordance with the increas- 

ng order of Fe contents. Despite unsatisfactory regression coeffi- 

ients of the Freundlich fits (R 

2 = 0.880-0.931, Table S3), the model 

escribed the results better than the Langmuir model (data not 

hown). 

Knowing Fe 6 GAC adsorbed more As(V) at equilibrium of 24 h 

ut with a slower uptake rate than Fe 3 OMC, we designed the 24- 

our kinetic tests. Fig. 2 C shows the adsorption plateau reached in 

 h for Fe 3 OMC and 18 h for Fe 6 GAC, and a crossover was observed

t 12 h. Afterwards, we evaluated the MRE process in dialysis ex- 

eriments and assessed the application feasibility with the mixed 

edium in column tests. 

.3. As(V) transport in MRE process 

The pseudo-equilibrium model aforementioned could be repre- 

ented by Eqs. 3 and 4 ( Morel and Hering, 1993 ): 

 + P 

k 1 
�

k −1 

MP ; K MP (3) 

 + Q 

k 2 
�

k −2 

MQ ; K MQ (4) 

here k 1 , k −1 , k 2 , k −2 are the rate constants (s −1 ), K MP and 

 MQ are the complexation constants, M represents a metal, 

nd P and Q are two competing ligands. Assumptions were 

ade ( Morel and Hering, 1993 ): i) ideally, reactions (3) and 

4) obeyed pseudo-first-order kinetics with the rate constants 

 1 
∗ � k 2 

∗( k 1 
∗ = k 1 × [ P ] , k 2 

∗ = k 2 × [ Q] ) ; ii) the weaker ligand P 

 K MP � K MQ ) was more abundant at the initial condition, i.e., [P] 0 
[Q] 0 ; and iii) [Q] 0 � [M] 0 . The model revealed the pseudo- 

quilibrium was reached quickly between species M and MP with 

MP] � [MQ] during this time interval. But the final equilibrium 

as re-established later, resulting in [MQ] > [MP] due to the com- 

etition for the surface sites. Insights from the pseudo-equilibrium 

odel allowed us to evaluate the MRE process in which As(V) ini- 

ially in a pseudo-equilibrium with the fast-adsorbing Fe OMC is 
3 

6 
upposed to redistribute with time and eventually reach the true 

quilibrium with both media. 

The observation of the As(V) transport from Fe 3 OMC to Fe 6 GAC, 

r Fe 23 PAC, clearly established the MRE process moving towards 

he “true” equilibrium ( Fig. 3 ). Setting up dialysis tubing (“{}”) 

llowed As(V), rather than adsorbents confined in, to diffuse 

hrough. At the beginning, the As amounts loaded to Fe 3 OMC 

ere 95.5, 95.6, and 95.0 μg for Fe 3 OMC{Solution II} (the control), 

e 3 OMC{Fe 6 GAC}, and Fe 3 OMC{Fe 23 PAC} experiments, respectively. 

or Fe 3 OMC{Solution II}, the solid-phase As amounts at MRE 1 and 

 d, recovered from Fe 3 OMC by alkaline extraction, were 72.8 and 

9.8 μg, respectively. In comparison, adding Fe 6 GAC to the system 

nduced more As release from Fe 3 OMC, as evidenced by smaller re- 

overy amounts of 51.8 and 43.5 μg from Fe 3 OMC at 1 and 5 d, re-

pectively, and by As accumulation on Fe 6 GAC from 12.4 μg at 1 d 

o 38.1 μg at 5 d ( Fig. 3 A). When Fe 23 PAC with the highest adsorp-

ion capacity was introduced, the extractable amount from Fe 3 OMC 

as the smallest (37.3 μg at 5 d), with the highest amount of 51.0 

g concurrently accumulating on Fe 23 PAC at 5 d ( Fig. 3 B). Given

he accumulating amounts at 5 d for Fe 6 GAC and Fe 23 PAC were 

learly higher than the liquid-phase amounts at 0 d (23.1 and 22.6 

g, respectively), there must be As(V) transporting away from the 

s-loaded Fe 3 OMCs, confirming the MRE process. 

The high As amounts recoverable from both Fe 6 GAC and 

e 23 PAC were also due to the decreased liquid-phase amounts from 

 to 5 d (Fig. S15). Overall mass balance calculations ( Table 1 )

uantified the mass transfer of As(V) in the MRE process. The mass 

ecoveries were > 78.0% for most systems. The < 100% recoveries 

ould be attributed to the loss of particles during operation and 

he incomplete recovery of As from spent Fe-based carbons. As re- 

orted, 0.5 M NaOH cannot attain 100% As recovery ( Cumbal and 

enGupta, 2005 ; Sarkar et al., 2008 ). In addition, the amounts of As 

dsorbed onto the dialysis tubings and cellulose membranes were 

easured to be 2.45 and 1.67 μg at MRE 5 d, respectively, indicat- 

ng that while both adsorbed trace amounts of As, the percentage 

as only 2.05% and 1.40% of the inputs. 

To examine As(V) transport in the MRE process, we con- 

ucted extensive analyses on the freeze-dried solids from 

e 3 OMC{Fe 23 PAC} experiments with XPS and HRTEM-FFT. In terms 

f As 3 d spectra (Figs. S16A, C, E), the peaks centered at 45.2- 
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Fig. 4. SEM images (A-1, B-1, C-1) and elemental mappings (A-2, B-2, C-2 for C, O, Fe, and As) of ablated grains by FIB, with EDS spectra (A-3, B-3, C-3) for elemental 

analysis. The EDS spectra are based on five different regions (Areas a-e), marked with white squares in mappings. All reacted solids are collected from Fe 3 OMC{Fe 23 PAC} 

experiments. Fe 3 OMC samples at MRE 0 d (A-1, A-2, A-3) and at MRE 5d (B-1, B-2, B-3) are analyzed. One Fe 23 PAC sample at MRE 5d (C-1, C-2, C-3) is analyzed with the 

inset of C-3 showing As K α spectrum for Area e. Ga and Pt are introduced by the FIB, while Si is from the parent carbon according to the manufacturer. 
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5.7 eV were associated with the adsorbed As(V) ( Nesbitt and 

einke, 1999 ; Prucek et al., 2013 ; Zhang et al., 2017 ). Together with

he contributions from Fe(III) for Fe 2 p spectra, i.e., Fe 2 p 3/2 peaks

ocated at 711.4 eV ( Bonnissel-Gissinger et al., 1998 ; McIntyre and 

etaruk, 1977 ) (Figs. S16B, D, F), we found no redox reactions 

etween As(V) and the coated iron oxides in carbon matrices. 

RTEM-FFT microanalysis suggested that iron-oxide crystallinity 

ay not change after reactions (Fig. S17), as the Fe phases of 

e 3 OMC and Fe 23 PAC were still maghemite and hematite, respec- 

ively. 

Both inner and outer surfaces of reacted grains from 

e 3 OMC{Fe 23 PAC} experiments were observed with FIB technique. 

n the mappings of the cross section, it clearly showed Fe be- 

ng embedded in the carbon substrate ( Fig. 4 ). For a comprehen- 

ive visualization of As(V) sequestration, 31 regions, from Areas a 

o ae ( Fig. 4 and Figs. S18-S20, see summary in Table S4), were

elected for elemental analysis, based on EDS spectra. Fe and As 

istributions were correlated well with the reacted Fe 3 OMC grains 

 Figs. 4 A-2 and 4B-2), while a much weaker As mapping was ob- 

erved for the reacted Fe 23 PAC grain ( Fig. 4 C-2). The relative As

eight percentage on the inner surface of Fe 3 OMC at 0 d (Areas a,

 in Fig. 4 A-2 and f, g in Fig. S18A) and 5 d (Areas c, d in Fig. 4 B-2

nd h, i in Fig. S18B) was 3.72 ± 0.49 and 2.92 ± 0.83 wt. % ( ±
7 
tandard deviation), respectively, which suggested that not much 

s(V) transported away from the interior. Hence, the smaller As re- 

overy amounts from Fe 3 OMC could be ascribed to more As(V) re- 

ease from the exterior surface: corresponding As weight percent- 

ge at 0 d (Areas j, k, l, m, n in Figs. S19A-B) and 5 d (Areas o,

, q, r in Figs. S19C-D) was 8.90 ± 2.44 and 4.32 ± 0.89 wt. %, 

espectively. For Fe 23 PAC, though As was occasionally not detected 

n two areas, the broad weight-percentage distributions from 0.43 

o 5.75 wt. % based on another eleven areas illustrated the seques- 

ration (Areas s to ae in Fig. S20). The 0.77 wt. % of As on the inner

urface ( Fig. 4 C-3) implied very little As(V) can diffuse to the inter- 

al regions of reacted Fe 23 PAC grains. 

As(V) adsorption rate is normally much faster than desorption 

ate ( Grossl et al., 1997 ; Yang et al., 2012 ), and only a small fraction

f adsorbed As(V) releases at (near)neutral pH, possibly due to the 

igh activation barriers for As(V) desorption ( Farrell and Chaud- 

ary, 2013 ) and/or slow mass transfer effects out of micropores of 

ron oxides ( Cornell and Schwertmann, 2003 ). Meanwhile, As(V) 

esorption generally underwent dual stages. Outer-sphere com- 

lexation, observed on hematite-As(V), may account for the faster 

elease at the first stage ( Catalano et al., 2008 ) because these com- 

lexes were formed by a combination of electrostatic attraction, 

ydrogen bonding, and configurationally interfacial-water stabiliza- 
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Fig. 5. As(V) breakthrough curves. (A) Columns run on a 10-h-on and 14-h-off mode every day and EBCTs of columns packed with the mixed medium, Fe 3 OMC, and Fe 6 GAC 

are 1.00, 0.95, and 0.93 min, respectively. Pump shutdown periods (14-h off cycles) are indicated by arrows in the green shaded areas. (B) Columns run on a non-stop mode 

and EBCTs with the mixed medium, Fe 3 OMC, and Fe 6 GAC are 0.95, 0.91, and 0.91 min, respectively. Column run conditions: influent concentration = 4.64 mg As/L, pH = 6.6, 

I = 0.05 M, and T = 22 °C. 
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ion ( Catalano et al., 2008 ). We assumed that some outer-sphere 

s(V) surface complexes were formed on the coated maghemite 

f Fe 3 OMC. Then, the release of As(V) in the outer-sphere com- 

lexes could be partially responsible for the sharp drop of solid- 

hase amounts from MRE 0 to 1 d in Fe 3 OMC{Solution II} control 

xperiments ( Fig. 3 ). It was followed by the apparent level-off from 

 to 5 d at the second stage. 

In general, the coordination bond cleavage of inner-sphere com- 

lexes would hinder further release of As(V) at near-neutral pH 

arrell and Chaudhary, 2013 ). Even in the presence of 6 mM 

hosphate solution at pH 6, the desorbed fraction of As(V) from 

oethite in ~100 h was almost the same as the fraction in ~700 

, and the bonding mechanism of inner-sphere complexes did not 

hange after one week ( O’Reilly et al., 2001 ). However, after adding 

he competing adsorbent to the system, much more was desorbed 

rom Fe 3 OMC than the control ( Fig. 3 ). Since the As(V) release from

he inside of As-loaded Fe 3 OMC contributed to the MRE in a minor 

ay ( Fig. 4 ), we assumed the inner-sphere complexes on the outer 

urface of Fe 3 OMC could be more likely involved in the MRE-based 

s(V) desorption. Meanwhile, we observed that the larger the ad- 

orption capacity of the competing adsorbent, the more As(V) re- 

ease from Fe 3 OMC. This can be explained by Eqs. (1) and ( (2) , as

 stronger adsorbent of Fe 23 PAC, or ≡ M 

′′ in Eq. (2) , could better 

ompete for As(V) with Fe 3 OMC, or ≡ M 

′ in Eq. (1) , thus favoring 

he forward reaction in Eq. (2) . In summary, we demonstrated the 

easibility of using the MRE process for As(V) transport from the 

pent adsorbent to a virgin one at this stage. 

.4. Column studies 

We performed column tests with the mixed medium contain- 

ng both Fe 3 OMC and Fe 6 GAC at a mass ratio of 1:2, and with the

ingle medium of Fe 3 OMC or Fe 6 GAC. We ran column tests on a

0-h-on and 14-h-off mode to potentially match diurnal variability 

n a household ( Fig. 5 A), in comparison with a continuous mode 

 Fig. 5 B). Such on-off mode of operation could enhance As(V) up- 

ake when the flow was restarted ( Westerhoff et al., 2005 ). We em- 
8 
loyed a high As influent concentration (4.64 mg As/L) to assess 

he potential of engineering MRE process. The results indicated 

hat: 1) generally, the effluent As concentrations increased with 

ime for all three columns; 2) the Fe 3 OMC column removed As(V) 

ost effectively in the first 800 bed volumes (BVs). After each 14- 

-off period, there was an improved As(V) removal for all as in- 

icated by sharp drops in As concentration; for example, the con- 

entration dropped by almost half in the Fe 3 OMC column ( Fig. 5 A).

his drop in the Fe 3 OMC column was, however, very brief, which 

ould be rationalized by the lack of sufficient adsorption sites on 

e 3 OMC under the high influent concentration. In the Fe 6 GAC col- 

mn with a large capacity but slow kinetics for As(V), the perfor- 

ance for As(V) removal was the worst in the first 10 0 0 BVs but

utperformed the Fe 3 OMC column afterwards ( Fig. 5 A) because of 

he near exhaustion of Fe 3 OMC. 

In contrast, when the mixed medium was used, while the ef- 

ciency for As(V) removal was not as good as that of the pure 

e 3 OMC column in the first 800 BVs, the mixed-medium col- 

mn outperformed the Fe 3 OMC one afterwards, as indicated by 

he crossover of As(V) breakthrough curves at around 800 BVs 

 Fig. 5 A). That is, in the mixed-medium column, Fe 3 OMC can ad-

orb As(V) faster than Fe 6 GAC on a per-gram-medium basis (see 

ig. 2 C for reference), and then the MRE can kick in that could 

oderately regenerate Fe 3 OMC in situ in the off-pump cycles, 

ventually leading to a lower effluent As(V) level. This suggested 

hat some As(V) loaded on Fe 3 OMC could diffuse to Fe 6 GAC during 

he idle period. When compared with the pure Fe 6 GAC column, the 

ixed-medium column had a better performance before 800 BVs 

ossibly due to faster kinetics of Fe 3 OMC. 

The column interruption tests and corresponding solid-phase 

oncentration gradients (d q /d r ) have been applied to understand 

ontaminant adsorption, as illustrated by Fig. 6 . When intraparti- 

le diffusion is a rate-limiting step, like this study, the solid- 

hase concentration gradient of a single particle that governs 

he overall uptake rate tends to level out during the interrup- 

ion ( Li and SenGupta, 20 0 0 ; SenGupta, 2017 ). Right after, a larger

riving force, represented by a greater d q /d r due to the interrup- 
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Fig. 6. Proposed solid-phase As(V) concentration profile of a single particle for columns running with the on-off pump cycling mode. The solid-phase concentration (q) is 

displayed as a function of particle radius (r) and the basic concept is adapted from SenGupta, 2017 . From left to right are illustrations of columns packed with Fe 3 OMC, 

mixed medium (the green shaded area), and Fe 6 GAC. For the mixed medium, separate concentration profiles of Fe 3 OMC and Fe 6 GAC are shown. Three stages are illustrated: 

before pump shutdown at stage 1, the concentration profiles of Fe 3 OMC and Fe 6 GAC are the same for the mixed-medium and single-medium columns; during pump-off

period at stage 2, As(V) diffuses from Fe 3 OMC to Fe 6 GAC in the mixed media. 

t

(  

c

c

(

a

a

o  

g

A

g

m

t

w

t

e

c

>

n

p

g

a

p

4

t

h

c

i

s

t

t

p

h

e

s

t

p

t

t

g

a

t

s

o

w

L

a

a

D

c

i

A

(

M

a

a

t

s

T

J

M

a

u

ion, can improve the uptake and drop the effluent solute level 

 Li and SenGupta, 20 0 0 ; SenGupta, 2017 ). The solid-phase As(V)

oncentration profiles for Fe 3 OMC and Fe 6 GAC could be similarly 

onceptualized with d q /d r changing over an on-off pump cycle 

 Fig. 6 ). In terms of the mixed-medium column (the green shaded 

rea), adsorbed As(V) can diffuse and redistribute between Fe 3 OMC 

nd Fe 6 GAC by the MRE during interruption, thus further leveling 

ff the d q /d r of Fe 3 OMC. The situation is equivalent to in situ re-

eneration of Fe 3 OMC, via intraparticle diffusion of the desorbed 

s(V) from Fe 3 OMC into Fe 6 GAC. Upon restarting the flow, the re- 

enerated Fe 3 OMC with a much enhanced d q /d r could adsorb As 

ore quickly so resulting in a rapid decrease of effluent concen- 

ration. 

For practical application, this on-and-off mode of operation 

ould be consistent with the demand of most households. In 

he continuous mode of operation ( Fig. 5 B) where there was not 

nough time for MRE, the As(V) removal effectiveness in the 

olumns followed the order of Fe 3 OMC > the mixed medium 

 Fe 6 GAC, as expected. When GAC is doped with maghemite 

anoparticles, magnetically separating the spent GAC and then re- 

lenishing a new portion would be another possibility. Taken to- 

ether, the column results showed the possibility of engineering 

n MRE process for the enhanced As(V) removal upon the on-off

ump cycling operation. 

. Conclusions 

The batch tests and elemental mappings of this study showed 

hat the desorption of As(V) from an adsorbent can be en- 

anced by another in close proximity. When As(V) release is well- 

ontrolled, a binary-adsorbent system could be engineered by mix- 

ng one fast-uptake adsorbent with the other with a higher ad- 

orption capacity in column runs. The crossover of As(V) break- 

hrough curves ( Fig. 5 A) suggested that the solid-phase concentra- 

ions were altered due to potential redistribution of As(V) during 

ump-off periods. For any adsorption columns operated for house- 

olds, rapid As(V) uptake is essential to cope with a short EBCT, 
9 
.g., 32 seconds ( Möller et al., 2009 ). The shorter the EBCT, the 

ooner the breakthrough, as in general, the progression of the mass 

ransfer zone is irreversible with water flow. While for those time 

eriods when the household-scale filtration column is on standby, 

he As(V) re-equilibrium might re-shape the mass transfer zone, as 

he adsorbent with a higher capacity but slower kinetics could re- 

enerate the fast-adsorbing one in situ . The MRE phenomenon ex- 

mined here may also be applicable to the removal of other con- 

aminants such as phosphate, due to similar interactions for ad- 

orbing it on iron-based materials. 

Last but not least, since cost-benefit is not studied, the efficacy 

f MRE process in practice needs to be further analyzed, especially 

hen effluent concentrations are lower than those of this study. 

ife cycle assessment of the pros and cons of MRE-based in-situ 

dsorbent regeneration will be important in comparing the binary- 

dsorbent system with the conventional process configuration. 
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