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A novel method has been developed for immobilizing (tailoring) polypyrrole (PPy) into

activated carbon (AC) in a manner that facilitates the removal of sulfate, and then electro-

chemically regenerating the tailored activated carbon. This tailoring was achieved by sorb-

ing pyrrole into AC pores, then oxidizing the pyrrole by means of either a FeCl3 oxidant or

electrochemical oxidation. The resultant oxidized PPy hosted a positive charge that sorbed

sulfate from acid mine drainage (AMD) water. Next, the spent AC/PPy was electrochemically

reduced such that the nitrogen functionality became neutrally charged, and released the

sorbed sulfate. This AC/PPy was then electrochemically oxidized such that it regained a

positive charge, and again sorbed sulfate. When processing rapid small scale column tests

(RSSCTs) with AMD water that contained 773 mg/L SO4
2� the media processed 23 bed vol-

umes before breakthrough occurred. Subsequent to these RSSCTs, electrochemical reduc-

tion at �2.0 V (vs Ag/AgCl) released 95% of this sorbed sulfate, and subsequent oxidation

at 0.4 V yielded a media that had restored 61.5% of its initial sulfate-sorption capacity.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Various shale formations have recently emerged as very

important sources of natural gas, which can be accessed via

hydrofracturing. This quickly growing energy industry

requires large volumes of water, which is often limited and

costly to acquire. The use of impaired water supplies is attrac-

tive, since it reduces the demand on local drinking water

sources. Acid mine drainage (AMD) is a large potential source

for hydrofracturing water, but the moderately-high levels of
sulfate present in AMD (typically 250–1000 ppm) temper its

usefulness. The sulfate levels in AMD water would be too high

for a direct blend with returned hydrofracturing water that

contains high levels of barium, because barium sulfate could

precipitate down-hole, and produce blockages within the

fractures. On the other hand, the sulfate level in natural

AMD water is too low to precipitate all the barium from the

hydrofracturing water before it is returned down-hole.

Therefore, the authors herein have sought means of

capturing the sulfate onto nitrogen-functionalized activated
rsity Park,
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carbons, and then electrochemically releasing concentrated

sulfate from the activated carbon. The objective of this paper

has been to focus on the second of many steps in this tech-

nology innovation, namely manipulating the redox-switching

propensity of pyrrole functional groups—from the oxidized

state that is positively charged and sorbs sulfate, to the

reduced state that is uncharged and releases sulfate, then

back to the oxidized state that again sorbs sulfate. Various

studies have addressed protocols for removing sulfate from

water [1–4], whereas the paper herein extends upon that

research by also addressing the possibility of regenerating

the media while releasing the sulfate.

Activated carbon (AC) has been modified with iron, ammo-

nium, surfactant or quaternary ammonium for adsorbing

negatively-charged oxyanions (i.e. arsenate, perchlorate and

nitrate) and organic contaminants from water and wastewa-

ter [5–9]. However, very few attempts have been made to

improve the electrochemical properties of the AC and its

application for sulfate removal has not been tested. Thus,

the study herein tailored Polypyrrole (PPy) onto activated car-

bon due to its high conductivity, environmental stability, and

straightforward polymerization [10]. The most widely used

methods for preparing PPy include chemically induced poly-

merization with FeCl3 [10–13] and electrochemically induced

polymerization [14]. Studies have shown that, some of the

nitrogen atoms in the PPy matrix can carry a positive charge,

which is favorable for anion adsorption [11,12,15–21]. There-

fore, tailoring activated carbon with positively charged PPy

is a potential strategy for sulfate removal.

In recently published work by the Penn State team [4,16],

the authors have developed a novel method for modifying

(i.e. tailoring) hardwood based AC with PPy through chemical

polymerization in the presence of ferric chloride. In that Part

1 study, the produced AC/PPy composites were used to

remove high concentration of sulfate (250–1000 ppm) from

AMD water. Then herein, this Part 2 study has focused on

electrochemically regenerating the AC/PPy. Together, these

sorption and regeneration processes have been intended to

serve as a pretreatment step that will allow AMD water to

be used for hydrofracturing, and to do so without the produc-

tion of brine waste solutions that are characteristic of tradi-

tional ion exchange technologies. In the Part 1 study, a

charge equivalents and mass balance showed that within

the PPy structure, approximately 25–33% of the pyrrolic nitro-

gens held a positive charge; and approximately 33–50% of the

charged nitrogens were accessible to sulfate or hydroxyl

exchange. As follow-up to that Part 1 work, the authors have

focused this Part 2 study herein on the extent to which such

PPy-anchored activated carbons could be electrochemically

regenerated.
2. Experimental

2.1. Materials

This study applied wood-based granular activated carbon,

RGC, supplied by Mead Westvaco Specialty Chemicals. Prior

to use in the tailoring process, the carbon was ground and

sieved to a U.S. mesh size of #200 · 400 (38 to 75 lm) in order
to be the appropriate size for rapid small scale column tests

(RSSCTs), which applied the proportional diffusivity simili-

tude equation, per Crittenden [22]. These 38 to 75 lm grains

were used in all the experiments herein. However, larger

sized grains could be used in full-scale applications. The par-

ticle size would affect pyrrole penetration, electrochemical

and Fe penetration, and reaction kinetics—with larger grain

size corresponding to potentially lower penetration, longer

penetration time, more significant over-oxidation, and more

tortuous diffusion. The sieved carbon was then washed, dried

and stored under vacuum in a desiccator until use.

Deionized (DI) water (P18.1 MX) was used for preparing

analytical standards of sulfate solutions and for adsorption

isotherm experiments. The water used in RSSCT experiments

was Penn State groundwater that had been spiked with 500

parts-per-million (ppm) sulfate, or chemically-treated acid

mine drainage (AMD) water. The composition of this chemi-

cally-treated AMD water was 773 ppm SO4
2�, 405 ppm Cl�,

63 ppm Ca2+, 40 ppm Mg2+, 540 ppm Na+, 4.7 mg/L TOC and

pH 8. The composition of the Penn State groundwater was

54.5 ppm Cl�, 180 ppm hardness (as CaCO3), 7.2 ppm SO4
2�,

4.2 ppm NO3
�, 0.77 mg/L TOC, and pH 7.5 [9].

2.2. Preparation of polypyrrole-tailored activated carbon

The typical experimental procedure for preparing the PPy-

tailored AC included: (1) adsorption of the pyrrole onto the

AC, then, (2) polymerization within the AC by two different

methods. Pyrrole was first polymerized electrochemically

onto hardwood AC to test the redox ability of the AC/PPy

composite. During the electrochemical polymerization,

pyrrole was loaded into the AC by applying a constant voltage

to the AC in a packed-bed electrode (see Fig. 1). In this case,

the transfer of electrons from pyrrole to the working electrode

caused pyrrole polymerization. Specifically, the experimental

procedure consisted of the following steps: 1–2 g of AC was

placed into the bulk electrochemical process cell (Fig. 1).

The AC was allowed to mix with 0.25 M pyrrole and 0.2 M

NaCl for 2–16 h inside an anerobic glove box (without an

applied voltage during this step). Next, after the pyrrole had

sorbed into the activated carbon pores, the pyrrole was

polymerized by chronoamperotometric treatment at 0.8 V vs

Ag/AgCl at 30 �C. Although this potential is high enough to

cause over-oxidation of the synthesized PPy, in the presence

of a high concentration of highly reactive pyrrole, the faradaic

current was directed toward the polymerization process

and not toward PPy oxidation. After polymerization, the AC/

PPy composite was washed with DI water and allowed to

dry at 60 �C in a vacuum oven. Temperatures above 60 �C were

not used, as they could have degraded the polymer structure

[23].

The polypyrrole-tailored AC (AC/PPy) made via chemical

oxidation with ferric chloride was prepared by first adsorbing

pyrrole monomer into the pores of AC for 16 h [4]. In this step,

25 mL of 0.1, 0.5, 1.0, or 2.0 M pyrrole solution was added to

2.5 g of hardwood (RGC) AC under a nitrogen atmosphere in

a sealed glass bottle, and then mixed on the rotary shaker

so that the pyrrole could diffuse into the AC pores before

inducing any polymerization reaction. Then after pyrrole

loading, the AC was separated by glass fiber filtration and
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Fig. 1 – Bulk electrochemical polymerization cell (photo shown on the left and exploded schematic on the right). (A colour

version of this figure can be viewed online.)

Table 1 – Physical–chemical properties of AC/PPy composites.a

Samples* RGC RP-0.1 RP-0.5 RP-1 RP-2 ERP-0.1 ERP-0.25

Pyrrole concentration (mol/L) 0 0.1 0.5 1.0 2.0 0.1 0.25
FeCl3 concentration (mol/L) 0 2 2 2 2 Elect.** Elect.**

BET surface area (m2/g) 1102 787 633 426 315 1396 1261
Micropore (<20 Å) volume (cm3/g) 0.34 0.25 0.20 0.14 0.10 0.34 0.31
Mesopore (20–500 Å) volume (cm3/g) 0.68 0.55 0.46 0.30 0.22 0.66 0.58
Surface charge at pH 8 (mmol/g) 0.13 0.10 0.35 0.63 0.80 – –
% total [N+] per bulk N – by XPS – – 19 24 26 – –
BV to 250 ppm RSSCT breakthrough when processing AMD
water that contained 773 ppm SO4

2�
2 6 15 19 24 – –

% Active [N+] in bulk N per XPS of sample following RSSCT – – 14 12 9 – –
% of active [N+] present (measured by XPS) occupied by sulfate
following RSSCT (measured by IC)

– – 78 50 35 – –

Qe of sulfate in batch isotherm tests (mg/g) 4 15.20 33.10 42.20 44.70 – 18.0
% Active [N+] in bulk N per XPS of sample following isotherm test – – 17 14 10 – –
% of active [N+] present (measured by XPS) occupied by sulfate
following isotherm (measured by IC)

– – 87 57 38 – –

E = electrochemically catalyzed immobilizing;

0.1, 0.25, 0.5, 1, and 2 are the molarities of pyrrole used during preparation.
***Isotherms and RSSCT figures and parameters presented in [4].
a RP-0.5, RP-1 and RP-2 data included herein from Hong et al. [4], for comparison to other RP variants developed herein.
* RGC = pristine hardwood based carbon, R = hardwood carbon, P = polypyrrole-tailored.

** Electrochemically polymerized.
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added to a 0.5–2.0 M FeCl3 solution (Mallinckrodt Chemicals).

The ferric iron induced a redox chemical reaction (Figure S1)

that caused the pyrrole to polymerize within the AC pores.

After 6 h of reaction while stirring, the AC was washed 4–5

times with DI water, filtered through a 0.45 lm nylon fiber fil-

ter, and dried at 60 �C in a vacuum oven for 24 h. The concen-

trations of pyrrole and FeCl3 used in this study are shown in

Table 1.

2.3. Characterization

Surface charge distributions were measured by the modified

method from Chen et al. [6]. This method utilized a Mettler

Toledo DL53 titrator (Mettler Toledo, Inc., Columbus, OH),

which measured the total net surface charge distribution over

a broad pH range (2–12).
The pore volume distributions and BET surface area of ACs

were determined per Moore et al. [24], by adsorption of argon

vapor onto AC samples that were immersed within a glass

tube into liquid argon at a temperature of 87 K. This protocol

utilized multiple isotherm points, with progressively increas-

ing relative pressures from 10�6 to 0.993 atm/atm with the

ASAP 2010 unit (Micromeritics Instrument Corporation,

Norcross, GA).

A Kratos Analytical Axis Ultra X-ray Photoelectron

Spectroscopy (XPS) instrument was used for XPS analysis.

Casa XPS software was then used for peak fitting of N 1s

(398.3–405.8 ± 0.2 eV), C 1s (284.8–288.9 ± 0.2 eV), O 1s (531.1–

536 eV), and S 2p (163–170 eV) signals. Normally, a quick

survey scan was completed for each sample to identify the

elements present with a high generation energy and short

dwell time. XPS is particularly suited for the recognition of
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the surface species on carbon material as the measured BE

shift is sensitive to the electronic structure of the photo emit-

ting atom; and XPS has been known to interrogate the sample

to a depth of roughly 10 nm. Compared to the 38–75 m diame-

ters of the AC grains, XPS results are generally perceived as

semi-quantitative, therefore only percentages or ratios of ele-

ments are reported. With the standardization applied during

these XPS analyses, the sensitivity of the XPS instrument

was 0.01–0.5% (atomic percent) [4].

2.4. Sulfate adsorption and chemical analysis

Sulfate adsorption batch tests were conducted per the

method of Hong et al. [4]. These modified isotherms used only

0.05 g of AC for each isotherm point, so as to use the AC spar-

ingly. The test was repeated at each sulfate concentration,

and duplicate experiments varied by less than 3–5%.

Rapid small-scale column tests applied in this study can

best simulate the full-scale conditions when employing pro-

portional diffusivity similitude [5]. The RSSCT columns used

in this study applied the Standardized Proportional Mini-

column Perchlorate Adsorber protocol [5,22], with US mesh

200 · 400 grains (38 to 75 lm). This protocol used columns

that measured 13.5 cm long and 0.5 cm in diameter, and

yielded an empty bed volume (EBV) of 2.65 mL. As calculated

per the equations in Crittenden et al. [22], the flow rate used

in the RSSCT tests was 0.8 mL/min, which gave an empty

bed contact time (EBCT) of 3.3 min in the RSSCT column. This

would have simulated a 33 min EBCT in a full-scale AC bed

with US mesh 20 · 50 grains (0.3 to 0.85 mm), for example.

Waters (Milford, MA) HPLC 510 pumps were used to maintain

this flow rate. Slight deviations in flow were normalized at

each sample point to obtain an accurate number of actual

bed volumes processed. Columns were allowed to sit over-

night in test water before the RSSCT was started in order to

allow water to diffuse into the pores, and air to diffuse out

of the pores.

Sulfate was monitored by a Dionex ICS-1100 Ion Chro-

matograph unit (Dionex Corporation, Sunnyvale, CA). The

Dionex ICS-1100 was equipped with an AS-DV automatic

sampler, a 4-mm AS25 column, a 4-mm AG25 guard column,

and a 4-mm ASRS suppressor. The eluent was 36 mM NaOH

for sulfate detection. Total organic carbon (TOC) was moni-

tored by a Shimadzu TOC 5000 A unit.

2.5. Batch cell for electrolytic regeneration of spent AC/PPy

After full sulfate breakthrough during RSSCTs, spent AC was

removed from the small-scale column and dried at 60 �C in

a vacuum oven. The dry AC was spread onto a US #400 mesh

size polyester screen, which had been bonded to a rubber gas-

ket for the batch electrochemical process cell shown in Fig. 1.

In order to evaluate the effect of the compression on the elec-

trical resistance of the AC bed, a plastic-supported batch cell

was also applied, in which a plastic mesh support was located

between the polyester screen and the dry AC. The polished

graphite working electrode was then pressed against this AC

bed by tightening the adjacent wing nuts. Next, 17 mL of

0.02 M NaCl or NaHCO3 was added to the cell; and the solution

was stirred for 2 h to allow electrolyte ‘‘wetting’’ of the AC.
The electrolyte was then purged for 20 min with nitrogen

gas, and electrochemical reduction was achieved by applying

a potential between �0.8 to �2.0 V versus Ag/AgCl for a prede-

termined time in the chronoamperometry mode with a

Biologic (Claix, France) VMP3 potentiostat, which was con-

trolled by EC Lab V10.02 software. The Ag/AgCl reference elec-

trode (BASi, West Lafayette, IN) was used throughout this

study. After the first reduction cycle, the AC sample was

washed with DI water and allowed to dry in a vacuum oven.

For comparison, several reduction cycles were repeated

instead of the above washing step. This protocol was applied

as a reduction method in order to desorb sulfate from the

spent AC. Released sulfate in the electrolyte was monitored

by IC in order to evaluate the efficiency of sulfate-release dur-

ing the reduction process.

After sulfate no longer was appreciably diffusing from the

pores, the AC was electrochemically oxidized to achieve reac-

tivation. For this oxidation step, the AC was loaded back into

the bulk electrochemical cell and oxidized at 0.2 to 0.9 V for

2.5 to 20 min in degassed 0.02 M NaCl or NaHCO3. The effi-

ciency of sulfate adsorption on the regenerated AC was then

analyzed by batch adsorption isotherms.

2.6. Flow cell for electrolytic regeneration of spent AC/PPy

The ElectroCell Micro Flow Cell (ElectroCell North America,

Inc., Amherst, NY) is a versatile, inexpensive, internally man-

ifolded flow cell which can be utilized to test electrochemical

processes on a small scale, yet still provide meaningful data

in regard to scale up, electrode and membrane lifetime, and

the effects of changing electrochemical process parameters.

In this study, the details of the applied flow cell and its config-

uration are shown in Supporting Information S1 and Fig.S2.

2.7. Electrochemical measurements

Cyclic voltammetry (CV) scans were applied to assess the

electrochemical behavior (redox peaks) of the AC/PPy before

and after polymerization and regeneration, so as to further

evaluate the correlation between the redox capacity and the

regeneration efficiency. Conventionally, the current at the

working electrode is plotted versus the applied voltage to give

the cyclic voltammogram trace. Specifically, in this study, CV

scans were performed using a 3 mm carbon paste working

electrode (BASi, West Lafayette, IN), Ag/AgCl reference elec-

trode (BASi), and coiled platinum wire counter electrode with

a Biologic (Claix, France) VMP3 potentiostat and EC Lab V10.02

software. The electrochemical cell was a 20 mL BASi polymer

vial (commonly used for electrode storage), which included a

lid with 4 holes for the 3 electrodes and nitrogen purge line

(Fig. 2). AC samples were loaded on the carbon paste working

electrode by pressing the electrode with carbon paste onto the

carbon, after freshly preparing and polishing the electrode per

the online BASi manual. The mass added was determined by

weighing the electrode before and after AC loading (typically

0.1–0.2 ± 0.01 mg). Before CV experiments, the electrode cell

was filled with 10 mL of electrolyte. The electrolyte was

bubbled for 20 min with nitrogen gas before analysis and

blanketed with nitrogen during analysis. In order to test the

impact of reaction with dissolved oxygen as a control, the



Fig. 2 – Three-electrode cell configuration used for

electrochemical measurements (adapted from BASi.com). (A

colour version of this figure can be viewed online.)
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electrolyte was also bubbled with air in the same way in con-

trol experiments. The AC loaded carbon paste working elec-

trode was allowed to ‘‘wet’’ during the degassing time. CV

was performed at a scan rate of 10 mV/s unless otherwise sta-

ted, and the applied potential was from �0.8V to 0.4 V.

3. Results

3.1. Physical–chemical properties of AC/PPy

Pore volume distributions, surface areas, and surface charge

titrations were used to compare the pristine RGC with the

chemical PPy-tailored AC composites (RP-0.1, RP-0.5, RP-1

and RP-2) and the electrochemically polymerized AC/PPy

(ERP-0.1 and ERP-0.25), as shown in Table 1. For the chemi-

cally-prepared wood based carbons, increasing the pyrrole

molarity during preparation corresponded to decreasing pore

volume and surface area measurements, indicating that the

PPy had deposited within the pores of the RGC. Also, the sur-

face charge at pH of 8.0 was measured, which is representa-

tive of the pH of the AMD water that was used in the

RSSCTs. The results showed that the AC/PPy prepared with

2.0 M pyrrole (RP-2) offered the highest surface charge

(0.80 mmol/g) among the AC/PPy materials prepared with 0.1

to 2.0 M pyrrole. This result showed a direct correlation

between the starting concentration of pyrrole and the surface

charge of the prepared RGC/PPy composite.

Correspondingly, the sulfate adsorption capacity of the

AC/PPy was also evaluated by adsorption batch tests and

RSSCTs (Table 1). This table includes both data that was

reported prior [4], plus additional data collected during the

current study. During batch isotherm tests, the equilibrium

adsorption capacity (Qe) of sulfate was measured when the

initial concentration of sulfate was 250 mg/L. This Qe

increased from 4.0 mg/g for the pristine AC, up to 44.7 mg/g

for RP-2. The RP-2 was an RGC that had been pre-loaded with

a pyrrole concentration of 2.0 M. Similarly, from the RSSCTs,

the BV to breakthrough at 250 ppm SO4
2� for AC/PPy also fol-

lowed the same trend, indicating that higher surface charge

of the AC/PPy was correlated to higher adsorption capacity.

All of these results indicated that the PPy-tailored RGC signif-

icantly improved the sulfate adsorption capacity compared to

the pristine RGC.
By combining the XPS measurements with the ion chro-

matography measurements, a mass-equivalents balance for

these RSSCTs and batch isotherm tests was performed [4].

These results, summarized in Table 1, indicated that 35 to

85% of all active N+ sites (as characterized by XPS of the sul-

fate-laden AC/PPy grains) became occupied by sulfate during

the RSSCTs and batch isotherm tests (as monitored by ion

chromatography of the aqueous-phase sulfate). For example,

for RP-2, approximately 25–33% of the pyrrolic nitrogen atoms

held a positive charge (N+); and approximately 33% of the

nitrogen atoms that held a positive charge were accessible

to sulfate or hydroxyl exchange, while the others were

recessed. As described herein, the authors note that these

XPS analyses are construed as semi-quantitative character-

izations that depict trends.

In our previous study [4], the authors analyzed for residual

Fe content in the AC/PPy using XPS, and peaks associated

with Fe 2p were not observed. This result indicates that the

sulfate sorption exhibited by the PPy-tailored AC could not

be significantly attributed to the sulfate binding with immobi-

lized iron.

In our previous work [4], we also prepared media that was

comprised of PPy alone, i.e., in the absence of activated car-

bon. In batch adsorption isotherms, this media adsorbed

80 mg/g sulfate when the initial sulfate concentration was

250 mg/L [4]. However, when sulfate-containing water passed

through this media in RSSCTs, the media immediately

clogged the reactor, and would not allow water to pass. This

result highlights the importance of using the AC as a support

for PPy, so as to disperse the PPy throughout the column and

the granularity of the ACC allows for efficient water flow [4].

The incremental pore volume distributions showed that

much of the PPy had loaded into the 4 to 100 Å pores

(Fig. 3), with greatest pore volume loss at 30 Å widths. This

pore size is significantly larger than the 5.06 Å · 6.86 Å dimen-

sions of a pyrrole molecule. The measured pore volume

decreased proportionally to increasing pyrrole concentration

during polymerization; and volume loss was more extensive

for chemical polymerization than for electrochemical poly-

merization at a given concentration. This change in pore vol-

ume distribution in Fig. 3 may have been attributed to: (1) pore

wall coverage by PPy—particularly within pores that are wider

than 30 Å, or (2) a physical blockage by PPy of the mouths of

pores—particularly for pores more narrow than 30 Å. Some



Table 2 – Surface composition of pristine RGC and pre-treated RP-1, per XPS.

Process of RP-1 Surface composition (at%) of pristine RGC
and spent RP-1 before and after reduction

N+(at%)a N+/N S/N+ meq SO4
2�/meq N+

C 1s N 1s O 1s S 2p

Pristine RGC 96.3 NDb 3.71 ND ND NCc NC NC
Fresh RP-1 84.7 7.4 5.54 ND 1.8 0.24 0 0
Spent RP-1 after RSSCT 82.0 8.2 9.50 0.29 1.9 0.23 0.15 30
Spent RP-1 after Reduction 81.1 8.1 10.70 0.11 2.5 0.31 0.04 8
a Atomic percent of all XPS-monitored atoms (i.e. of C, N, O, S) that were N+ atoms.
b ND: Not Detected.
c NC: Not Calculated.
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of the pyrrole indeed polymerized on the external surfaces of

the AC grains, as exhibited by scanning electron microscopy

images shown in Figure S3 [16].

Chemical polymerization with 0.1 M pyrrole (RP-0.1)

yielded a more significant pore volume loss (throughout the

micropores to macropores) than that achieved by electro-

chemically polymerizing with 0.1 M pyrrole (ERP-0.1), as

shown in Fig. 3. From these results, it is assumed that the

6-h chemical polymerization protocol achieved higher PPy

loading than did the 5-min electrochemical polymerization

protocol, at this common pyrrole concentration. Longer elec-

trochemical times could likely have achieved greater PPy

loadings. It is noted that the chemical polymerization with

1.0 M and 2.0 M pyrrole (RP-1 and RP-2) hosted greater inter-

nal PPy loading than all the other electrochemical or chemical

polymerized ACs, when comparing pore volume distribu-

tions. In spite of the decreased porosity, RP-1 and RP-2

removed the highest amounts of sulfate per mass (42.2 and

44.7 mg/g, respectively) during the batch adsorption tests,

and also sustained the longest bed lives (19 and 23 BV, respec-

tively) during the RSSCTs (Table 1). Although a significant

porosity loss was observed (i.e., 50–70%, see Table 1), this pore

volume decline apparently did not pose net detrimental

losses to the adsorption capacity or kinetics during RSSCT

flow-through adsorption. The authors postulate this result

was because there were more active sites (positively charged

nitrogen) for sulfate adsorption when using higher concentra-

tions of pyrrole, as confirmed by Table 2 and Fig. 7 (see below).

Also, as compared to the pristine RGC, the surface area was

similar for the ERP 0.1 and ERP 0.25, but dramatically

decreased with increased pyrrole loading for the chemically

polymerized RP-0.1 to RP-2 (Table 1). This result likely is attrib-

uted to the synthesis method, where for the electrochemical

oxidation synthesis method, the polymerization will likely

be deposited primarily on the outside surface of the AC, due

to potential drop with depth into the AC pores, which will

not dramatically affect the surface area of the AC. However,

for the chemical synthesis method the Fe3+ oxidant can pene-

trate the pores and cause PPy polymerization within the pores,

therefore causing pore filling and pore blockage that will neg-

atively affect the surface area of the AC composite.

3.2. Electrochemically polymerized polypyrrole on AC

3.2.1. Electro-chemical properties of AC/PPy composites
After pyrrole (0.1 M) was electrochemically polymerized on

the carbon paste/AC electrode, the resultant carbon paste/
AC/PPy composite (ERP-0.1) was tested by cyclic voltammetry

(CV) to assess their electrochemical behavior. These CV scans

were repeated through 50 cycles, as shown in Fig. 4. The 50

cycles of CV results allowed further appraisal of the stability

of the redox capacity for ERP-0.1. Specifically, redox peaks

were observed at consistent locations on the electrochemi-

cally polymerized AC (ERP-0.1); and the redox behavior

remained stable, without deterioration, for all 50 cycles. This

stability was maintained while voltages remained within the

range of �0.8 to 0.4 V; while the media was immersed in 0.2 M

NaCl. This result indicates that there is little change of the

redox capacity for ERP-0.1 through multiple CV cycles.

Specifically, the oxidation peak (positive charge) of ERP-0.1

appeared at -0.05 V and the reduction peak (neutral charge)

appeared at �0.6 V relative to Ag/AgCl reference. Both peaks

were very broad, spanning across a wide range of potentials,

but were very well defined from the background scan. The

peak values and shapes compare well with those observed

by Zhang and coworkers [25] for a graphene/PPy composite.

These results may have been influenced by the interaction

of the PPy with the platform materials, which had some

impact on the electrochemical properties of the composite.

In contrast to the ERP-0.1, the untreated pristine RGC did

not exhibit either the oxidation peak (at �0.05 V) or the reduc-

tion peak (at �0.6 V) for any of the 50 cycles. For clarity, only

the tenth cycle is shown in Fig. 4, and the shape of the data

shows a typical capacitance behavior. This CV analysis
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verified that the electrochemically polymerized AC/PPy

indeed retained its redox properties.

3.2.2. Over-oxidation behavior
The stability of PPy is an important factor in the applicability

of these materials in commercial products, as it determines

the expected lifetime of utilization. Alkaline attack, over-

oxidation, and deprotonation have been identified as the most

important threats to the degradation and deactivation of PPy

[26]. Over-oxidation has been an especially important issue

for these AC/PPy composites, which require a certain potential

for oxidation and reduction yet also could be processed in a

bed where potential drops with depth into the bed could

require higher potentials to be applied upon the particles that

are located closer to the counter electrode. The stability of PPy

against over-oxidation at high potentials was analyzed by (a)

electrochemically preparing ERP-0.1 with 0.8 V (vs. Ag/AgCl),

(b) additional chronoamperometric treatment at voltages of

0.5, 1.0, 1.5, or 2.0 V for 20 min, followed by (c) CV scans over

a span of �0.8 V to 0.5 V. The decrease in current during CV

scans was used to characterize the electrochemical perfor-

mance (Fig. 5). The CV scan results indicate that the compos-

ites’ performance did not degrade as a result of oxidative

treatment at 0.5 V, but progressively degraded with oxidative

treatment at potentials P1.0 V. Therefore, even a moderate

anodic potential of 1.0 V caused some oxidative damage to

the PPy. Others have observed that this over-oxidation is char-

acterized by conjugated double bond splitting, macromolecu-

lar cross-linking, and nucleophilic attack by water [26,27].

Water acts as a strong Lewis acid and can add oxygen and

hydrogen to the polymer chain forming hydroxyl and carbonyl

groups, which can disrupt conductivity and conjugation [26].

3.3. Chemically polymerized PPy on AC

3.3.1. Electro-chemical properties of AC/PPy
Polypyrrole loading was also accomplished using ferric chlo-

ride as a chemical initiator. The effect of the concentration
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at 30 �C for 20 min in 0.2 M NaCl at potentials between 0.5

and 2.0 V. (A colour version of this figure can be viewed

online.)
of pyrrole during polymerization was studied by exploring

electrochemical behavior and sulfate removal ability. The

characteristic electrochemical properties became prominent

when 0.5 M or 1.0 M pyrrole was used during polymerization

(Fig. 6). In contrast, properties were only slightly enhanced

when using 0.1 M pyrrole (data not shown herein). The height

of the oxidation and reduction peaks reached higher peak

currents with the higher pyrrole content.

3.3.2. Comparison of CV scans for chemically-polymerized
versus electrochemically-polymerized PPy/AC
The corresponding peaks following the ferric chloride-

induced polymerization in Fig. 6 were not as sharp or well

defined as those produced by electrochemical polymerization

on the GAC electrode in Fig. 4. This result may be attributed to

the synthesis method. For the electrochemical oxidation syn-

thesis method, the polymerization was likely more promi-

nently deposited on the outside surface of the GAC, due to

potential drop with depth into the GAC pores (Fig. 3). Potential

drop can be significant in sub lm-sized pores, as described in

detail by Lasia [28]. Analytical and numerical solutions

showed that the potential drop with depth in a porous elec-

trode with 1 lm pores resulted in the Faradaic current being

distributed over only the outer surface of the porous electrode

[28]. Therefore, the PPy that deposited on the outer surface of

the GAC would have been at approximately the same electro-

chemical environment, and thus could be expected to pro-

duce sharper redox peaks, than if the PPy was deposited

uniformly throughout the GAC. However, for the chemically

modified synthesis method, the pyrrole and Fe3+ were able

to diffuse far into the pores of the 38–75 lm AC particles,

and thus could allow for polymerization both within the

pores and on the outer surface. Thus for the chemical synthe-

sis method, the PPy at these two locations would have differ-

ent electrochemical environments and thus would cause a

dispersion in the CV scan, resulting in broader peaks [29].

This hypothesis is supported by the measured pore volume

data (Fig. 3), which exhibited a significant lower pore volume
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for the chemically synthesized AC relative to the electro-

chemically synthesized AC.

3.3.3. Chemically-polymerized AC/PPy: electrochemical
regeneration for sulfate
The chemically-polymerized AC/PPy that had sorbed sulfate

during RSSCTs was tested for electrochemical regeneration

and subsequent sulfate sorption. To this end, the authors

used RP-1 that had processed the chemically-treated AMD

water during an RSSCT. This media reached half-break-

through in 19 bed volumes; and it had sorbed 32.2 mg/g sul-

fate at full breakthrough. After this RSSCT experiment, a

portion of the sulfate-spent RP-1 was compressed onto the

anode surface (either moderately or tightly), then soaked in

water for 2 h. Next, the authors applied ex situ electrochemi-

cal reduction to the media in this bulk electrochemical pro-

cess cell (Fig. 1). For this protocol, the sulfate saturated RP-1

sample from the RSSCT experiment was reduced at �0.6 V

for one 20-min cycle. Samples of the post-RSSCT media and

the electrochemically-reduced media were then tested by

XPS for the sulfur (S2p) and nitrogen (N1s) species. The

authors note that XPS did not detect any S for the pristine

RGC, nor for the fresh RP-1 prior to sulfate-sorption experi-

ments (Table 2). However, XPS detected a significant S 2p peak

at 166.5 eV (0.29 at%) for the sulfate-laden RP-1 that had been

used in RSSCT experiments (Table 2 and Fig. 7). The binding

energy of the S 2p peak is characteristic of S in the 6 + oxida-

tion state [30,31], indicating that it was a semi-quantitative

measure of SO4
2� sorption. Next, as shown by the Fig. 7 (a, b)

XPS plots and Table 2, the post-reduction (i.e., regenerated)

media exhibited only one-third (0.11 at%) as much S content

as did the post-RSSCT media. This result was determined by

integrating the areas under the XPS curve in the 163.5 to

168 eV range; and this range has been attributed to sulfate

(S2p) [30,31]. Therefore, this result indicated that a single

cycle of electrochemical reduction had caused nearly
two-thirds (65%) of the sorbed sulfate to be released. The

authors caution that these XPS measurements offer informa-

tion into these carbon grains to a depth of 6 10 nm, which is

less than the diameter of the crushed AC particles (38 to

75 lm). Thus, the XPS results offer a partial measurement of

the exterior volume that is interrogated, but not the entire

volume.

With regards to the nitrogen N1s peak fitting, the authors

assigned the 398–399 eV range to the electron deficient N+

species (in pyrrole, for example), the 397–398 eV range to

the N-H amine species, and the 395–396 eV range to the

N@C imine species [26,32,33]. Of these, it was the electron

deficient N+, with its positive charge, that offered the sulfate

sorption propensity. For the post-RSSCT sample, 22.6 at% of

the N was the electron deficient N+, compared to 64.4% N-H

and 13% N@C (Table 2 and Fig. 7 c, d). After electrochemical

reduction had been applied (following vacuum drying under

an nitrogen atmosphere at 60 �C), 31.2% of the N was N+, com-

pared to 60.1% NAH and 8.7% N@C. These results indicated

that between 23 and 31% of the nitrogen atoms monitored

by XPS in these spent and reduced PPy-AC media hosted a

positive charge. Interestingly, the proportion of N+ appeared

to be higher after reductive desorption than following the

RSSCT run; and this observation may have resulted from the

vacuum-drying and exposure to air during handling and anal-

ysis that followed that reduction. Also, when comparing the

ratio of S/N+ on a milliequivalents basis, the XPS indicated

that 30% of all N+ sites were occupied by SO4
2� after the RP-1

RSSCT; but only 8% of these sites remained occupied by sul-

fate after the electrochemical reduction (Table 2).

3.4. Electrolytic reduction and oxidation of spent AC/PPy

3.4.1. Effect of reduction cycles and reduction voltage
In light of the above results, the authors sought to discern the

more favorable protocols for electrochemically reducing the



Fig. 8 – Batch cell regeneration of spent RP-2 and spent RP-1

that had been used to remove sulfate from DI that has been

spiked with 770 ppm sulfate in RSSCTs (Circled reduced

product used in subsequent oxidations).

Fig. 9 – Effect of flow cell and batch cell on percentage of

released sulfate of spent RP-2 that had been used to remove

sulfate from DI that has been spiked with 770 ppm sulfate in

RSSCT.
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sulfate-laden AC/PPy media (RP-1 and RP-2) in a manner that

would release the sulfate. These experiments utilized the

batch cell of Fig. 1, while applying a voltage of �0.8 or �2.0

V (vs. Ag/AgCl) in the chronoamperometry mode with a Bio-

logic (Claix, France) VMP3 potentiostat. The batch cell was

operated cyclically, for each cycle, 17 mL of 0.02 M NaCl or

NaHCO3 was held within the cell for 10 min while the voltage

was applied. After this time, the spent electrolyte was

replaced with fresh electrolyte, which was then used for the

next cycle.

When �2.0 V was applied to sulfate-laden RP-2 (26.25 mg

SO4
2-/g RP-2), 41% of the sorbed sulfate was released during

the first reduction cycle, as analyzed by IC; and this release

increased to 95% by the fifth cycle (Fig. 8), this was calculated

by Q/Qr1, per Table 5. The corresponding cumulative released

sulfate was 24.1 mg SO4
2�/g RP-2. These tests applied a heavy

compression that compacted the carbon grains tightly against

one another, so as to minimize electrical resistance associ-

ated with particle contacts. The �2.0 V potential corre-

sponded to an initial current of �45 mA. When the spent

RP-2 carbon grains were only moderately compacted against

one another in the batch cell at �2.0 V, the released sulfate

amounted to 28% after one reduction cycle, and 75% after 5

cycles. For this case, the �2.0 V potential corresponded to
Table 3 – Parameters and results of electrochemical reduction*.

Batch w/support RP-2 �2.0 �45

Batch RP-2 �2.0 �27
RP-1 �2.0 �120
RP-1 �0.8 �35

Flow RP-2 �0.6 to �0.7 �0 to �20
RP-2 None-control None

* All RP-1 and RP-2 media had processed deionized water that was spi

through. The electrolyte for all reductions was 0.02 M NaHCO3.
an initial current of �27 mA. The comparison of these two

RP-2 trials highlighted the importance of minimizing the con-

tact resistance between the carbon grains.

However, when spent RP-1 carbon grains were applied

with moderate compaction, �2.0 V corresponded to an initial

current of -120 mA. Under these conditions, 72% of the sulfate

was released after one cycle of reduction, and 80% was

released after 3 cycles (Fig. 8). This faster sulfate release for

RP-1 compared to RP-2 suggests that the less-constricted pore

structure of RP-1 facilitated more rapid desorption of sulfate

from the PPy-carbon pores (refer to Fig. 3).

Also, applying �2.0 V achieved more rapid and complete

sulfate desorption than did �0.8 V (Table 3). Specifically, when

the sulfate-laden RP-1 was reduced with �0.8 V (and �35 mA,

initially), only 8% of the sulfate desorbed following the first

reduction cycle; and only 60% had desorbed following 10

reduction cycles (Fig. 9). The authors also reduced the sul-

fate-laden RP-2 in a flow cell (Figure S2), while applying �0.6

to �0.7 V, corresponding to �10 to �12 mA, respectively. This

cell released 10% of the sulfate in the first reduction cycle, and

80% within 12 cycles (Fig. 9, Table 3). Parenthetically, when

0.02 M NaHCO3 electrolyte was passed through the sulfate-

laden RP-2 without an applied voltage (as a control), less than

5% of the pre-loaded sulfate was released, even after 13 cycles
�23 41 95 -

�16 28 75 -
�30 72 80 (3 cycles) -
�10 8 40 60 (9 cycles)

�10 to �20 10 65 80
None 1 2 3

ked with 770 mg/L sulfate, through RSSCTs until full sulfate break-



Table 4 – Parameters and results of electrochemical oxidation.*

Media Volts (V) Electrolyte Oxidation time (min) pH Qe (mg/g)**

RP-2 0.2 0.02 M NaHCO3 2.5 9.3 18
0.4 0.02 M NaHCO3 2.5 9.1 18
0.6 0.02 M NaHCO3 2.5 9.5 12
0.9 0.02 M NaCl 20 11.2 10
0.4 0.05 M NaHCO3 2.5 9.1 14
Fresh 0.02 M NaHCO3 – 8.0 33

* Sulfate-laden RP-2 had been previously reduced at �2.0 V and �45 mA (initially) to release 95% of sulfate. All oxidations applied the batch cell.
** Sulfate loading (Qe) of re-oxidized RP-2, in batch adsorption tests after 250 mg/L initial sulfate concentration.
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of operation through the flow-cell (Fig. 9). This result high-

lights the importance of electrically reducing the AC/PPy

media in order to release the sulfate. Moreover, this result

confirms that the competing anion level in this electrolyte

was not high enough to achieve any significant anion

exchange with the sorbed sulfate. Additionally, the possibility

of SO4
2� reduction to elemental S or S2- was ruled out based on

the fact that XPS data did not show peaks associated with S in

either the -2 or 0 oxidation states. Studies have also shown

that the electrochemical reduction of SO4
2- only occurs at high

temperatures (e.g., > 100o C) [34].

Overall, for the sulfate-laden RP2, the more favorable pro-

tocol for electrochemical reduction was achieved at �2.0 V

(vs. Ag/AgCl) within the plastic mesh-supported batch cell,

such that 95% of the sorbed sulfate was released by the fifth

reduction cycle (Table 3). This result indicated that the higher

electrochemical reduction efficiency was attributed to the

higher applied potential and the higher compression of the

working electrode, which could make a better contact

between the carbon grains and still provide a porous enough

structure to allow sulfate desorption.

3.4.2. Oxidation of reduced RP-2 that had been sulfate-laden
Pursuant to these reduction experiments, the authors con-

ducted re-oxidation experiments. These tests utilized the

RP-2 that had become sulfate laden in RSSCTs, then reduced

through 5 cycles at �2.0 V (initial current of �45 mA) until 95%

of its sulfate had been released (per ion chromatography mea-

surements of aqueous sulfate) (i.e. the AC/PPy from the row 1

experiments in Table 3). This spent and reduced RP-2 media

was electrochemically oxidized in the batch cell, while

employing voltages between 0.2 and 0.9 V for 2.5 or 20 min

(Table 4). The spent RP-2 was compacted by the working elec-

trode and a plastic mesh support, which offered good contact

between the electrolyte and the media. Next, the re-oxidized

media was applied in sulfate adsorption isotherms (per ion

chromatography measurements of aqueous sulfate).

The most favorable re-oxidation resulted from employing

0.2 or 0.4 V for a mere 2.5 min exposure, while using a

0.02 M NaHCO3 electrolyte (Fig. 10). This reoxidized media

removed 18.2 mg/g sulfate in batch adsorption tests, when

the initial sulfate concentration was 250 mg/L (Table 5). This

performance amounted to a considerable reactivation of this

AC/PPy media.

In comparison, the regenerated RP-2 that had been oxi-

dized at 0.6 V in 0.02 M NaHCO3 or at 0.9 V in 0.02 M NaCl

exhibited lower adsorption capacity (12 mg/g and 10 mg/g,

respectively), which was only 36% and 30% of the 33 mg/g that
had been achieved under such batch adsorption tests with

fresh RP-2, respectively (Table 4, Fig. 10).

3.4.3. Mass balance and discussion
In order to quantify the mass of SO4

2� adsorbed, eluted, and

re-adsorbed on the RP-2, a mass balance per the batch

adsorption tests and RSSCTs was performed and is shown

in Table 5. The mass balance indicated that: (1) the reduced

RP-2 could release 95% (24.1 mg/g) of the initial sulfate laden

amount (26.2 mg/g) through 5 cycles at �2.0 V; (2) the more

favorable re-oxidized RP-2 after the above reduction experi-

ment exhibited the re-loading capacity of 18.2 mg/g, as com-

pared to 33 mg/g that had been achieved under the same

batch adsorption test with fresh RP-2. The percent regenera-

tion (PR) of the re-oxidized RP-2 was 61.5%, which was calcu-

lated per an equation that has been modified from Narbaitz

et al. [35]:

PR ¼ ðQo þ Qe2Þ=Qe1

where Qe1 is the sulfate adsorption capacity of the fresh RP-2

in batch adsorption tests, when the initial sulfate concentra-

tion was 250 mg/L; Qe2 is the sulfate adsorption capacity of

the re-oxidized RP-2 in batch adsorption tests, when the ini-

tial sulfate concentration was 250 mg/L; Qo is sulfate residual

on reduced RP-2.

Overall, the regenerated RP-2 that had been oxidized at

0.2–0.4 V in 0.02 M NaHCO3 exhibited the highest adsorption

capacity for sulfate, per the percent regeneration showed in

Table 4 and Fig. 10. This result is attributed to possible



Table 5 – Mass balance of sulfate adsorbed, eluted and re-adsorbed.

Media Loading Regeneration Reloading PR

Qr1 (mg/g)* Qe1 (mg/g) Released Q** (mg/g) Residual Qo (mg/g) Recovery rate (Q/Qr1) Qe2 (mg/g)

RP-2 26.2 33.0 24.1 2.1 95% 18.2 61.5
* Qr1 is the initial sulfate laden amount at full breakthrough by SSCT.

** Released Q is the amount of the released sulfate post-reduciton.
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over-oxidation. The regenerated RP-2 that had been reacti-

vated at 0.6 V appeared to have been over-oxidized, whereas

the regenerated RP-2 that had been reactivated at 0.2 or 0.4

V had not. This result conforms to results presented in

Fig. 5, which showed over-oxidation occurred at>0.5 V. Other

possible mechanisms for diminished sulfate readsorption

capacity could have pertained to lost polypyrrole, or residual

sulfate or other oxyanion (i.e. nitrate) binding remaining after

the first cycle.
4. Conclusions

Polypyrrole was successfully deposited on hardwood based

AC through chemical polymerization and electrochemical

polymerization, so as to improve its electrochemical proper-

ties. The produced AC/PPy composites were used to remove

high concentration of sulfate (250–1000 ppm) from AMD

water, and then the AC/PPy was electrochemically regener-

ated by manipulating the redox-switching propensity of pyr-

role functional groups—from the oxidized state that is

positively charged and sorbs sulfate, to the reduced state that

is uncharged and releases sulfate, then back to the oxidized

state that again sorbs sulfate. When processing RSSCTs with

AMD water that contained 773 mg/L SO4
2�, the RP1 and RP2

processed 19 and 23 bed volumes to breakthrough at

250 ppm sulfate, which were 9 and 11 times higher than that

for the pristine AC, respectively. Subsequent to these RSSCTs,

electrochemical reduction of spent RP-2 at �2.0 V released

95% of this sorbed sulfate within 5 reduction cycles through

a plastic mesh-supported batch cell. Finally, subsequent elec-

trochemical oxidation at 0.2 or 0.4 V yielded a media that had

restored 61.5% of its initial sulfate-sorption capacity, specifi-

cally, the regenerated RP-2 that had been reactivated at 0.2

or 0.4 V in 0.02 M NaHCO3 electrolyte for 2.5 min exhibited

the highest adsorption capacity for sulfate. Overall, this study

provided a novel new protocol for transforming a potential

detriment (AMD water) into a useful resource (make-up water

for hydrofracturing water) for natural gas production compa-

nies, when using shale-gas formations. Further research is

needed to assess the feasibility and cost-effectiveness of this

technology.
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