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Abstract: There has only been limited research on ammonium removal by zeolites followed by
chlorine regeneration; these studies used batch tests and, in many cases, only dealt with single
solute solutions as opposed to multi-component ones. To better simulate full-scale applications, this
study used a continuous-flow ion exchange (IE) column system to assess the feasibility of chlorine
regeneration of a zeolite IE column used for the removal of ammonium from synthetic explosives
impacted mining wastewater (EIMWW). Multi-cycle column loading-regeneration tests were used
to evaluate and compare the performance of a NaOCl (1000 ppm as free Cl2) solution with that
of a standard salt regeneration solution (5% NaCl). In addition, the impact of two loading cycle
durations was evaluated. After three operational cycles with 6 h loading phases, the TAN (total
ammonia nitrogen) uptake after NaOCl regeneration was almost the same as that obtained with salt
regeneration (0.21 meq/g vs. 0.21 meq/g). The zeolite with NaOCl regeneration showed a higher
preference for TAN than with NaCl regeneration (Ca:TAN:K = 2.8:2.3:1 vs. 2.5:1.9:1 for the 6 h loading
phase); however, the NaOCl regeneration took longer to complete. It was also found that effluent pH,
total chlorine level, and free chlorine level during the chlorine regeneration were positively related,
seemingly confirming that the ammonium is oxidized to nitrogen gas and producing hydrogen ions.
Regardless of the regeneration solution, if one uses a two-column system, with one column online and
the other offline, the shorter loading cycles (6 h) yield a substantially higher daily TAN removal rate.

Keywords: ion exchange column; zeolite; ammonium removal; chlorine regeneration; sodium
chloride regeneration

1. Introduction

Due to the extensive use of ammonium nitrate explosives in the mining industry, min-
ing wastewaters are a significant source of ammonia pollution in aquatic environments [1,2].
Pommen [3] reported that explosive impacted mining wastewater (EIMWW) had total
ammonia nitrogen (TAN) concentrations in the 0.3 to 80 mg as N/L range. NH3 is highly
toxic to aquatic organisms [4–6]. The threshold acute lethal level (i.e., 50% rainbow trout
lethality in 96 h) for wastewater effluents was reached when ammonia concentrations were
as low as 2 mg TAN as N/L [7,8].

Canadian mines are subject to very low temperatures, so ion exchange (IE) is an
appropriate technology for these applications while biological ammonium removal is
not as suitable due its temperature sensitivity. In addition, most mining projects are
located in very isolated and remote areas with poor accessibility and a lack of skilled
personnel to support large-scale treatment plants. Thus, IE is particularly suitable for
mining applications based on its rapid start-up and full automation.

Cationic ion exchangers are able to adsorb ammonium (NH4
+) which is the major

form of ammonia at neutral pH levels. Zeolite, as a cationic ion exchanger, has been widely
researched for TAN removal because of its good TAN removal capacity, low price, and high
availability in nature [9,10]. However, many of these studies used single-solute ammonium
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solutions, while practical applications involve wastewaters with many ions that compete
for IE sites. Clinoptilolite, a common type of zeolite, was studied by Ames [11] who found
through multiple column tests that ammonium is somewhat preferred over some major
exchanged cations including some divalent ions, such as calcium [9,12]. In this preference
sequence, potassium outcompetes ammonium [11,13,14]. Hence, clinoptilolite will be less
effective for ammonium removal from wastewaters due to the presence of these competing
ions, particularly because of competition with potassium [2].

To restore the uptake capacity of the ion exchanger they should be regenerated fre-
quently; the standard regenerants for zeolites are 0.5 to 10% NaCl solutions [15–19]. The
used regeneration solution contains high concentrations of TAN and NaCl so it cannot be
released into the environment without treatment. In addition, it is not practical to recycle
the regeneration solution for the next regeneration cycle without eliminating a significant
portion of the TAN from it. Therefore, the treatment of used salt regeneration solutions
becomes an environmental and operational challenge. A number of studies have used air
stripping to remove ammonia from the used regeneration solution [15,20–22], however,
this is not an effective technology in frigid climates such as in Canada. Thus, a different
regeneration method is needed.

Using hypochlorite solutions to regenerate the ammonium-loaded zeolite is one such
approach. Huang et al. [23] and Zhang et al. [24] claimed that the ammonia nitrogen could
be released from ion exchange material and converted to N2 gas through chlorination, thus
the ammonia is removed from the regeneration solution and prevents the above-mentioned
secondary pollution. They suggested it occurred by the following chemical reaction:

2NH+
4 + 3ClO− + 2OH− → N2 ↑ +3Cl− + 5H2O (1)

Zhang et al. [24] only studied the regeneration of a zeolite loaded with a single-
solute ammonium solution. Huang et al. [23] used multi-ion synthetic swine wastewater;
however, they did not thoroughly study the removal of the other ions. A potential difficulty
of the chlorine regeneration method is that the regeneration of IE sites is likely going to be
limited [25]. This may reduce the number of sites available for TAN, resulting in a reduction
in the subsequent TAN uptakes. In addition, the standard ion exchange systems consist
of continuous flow column systems, while both Huang et al. [23] and Zhang et al. [24]
only evaluated the regeneration efficiency of batch mode systems. Due to competitive
ion uptake effects, limited flow contact time with the media, and possibly different ion
diffusion rates, the ion preference for column systems may be different from that for batch
(equilibrium) systems [2].

In this study, the feasibility of using a NaOCl solution to regenerate a zeolite was
assessed for more realistic conditions, that is by conducting multiple loading and regen-
eration cycles using a continuous flow column to treat a multi-ion (TAN, calcium, and
potassium) synthetic EIMWW. For comparison, experiments were also performed using a
standard NaCl regeneration solution.

2. Experimental Materials and Methods
2.1. Materials

A commercial natural zeolite (SIR-600, ResinTech Inc., Camden, NJ, USA) was used
for this study because it performed well for TAN uptake in an earlier study [2]. Although
the supplier does not disclose its mineralogy or source, Chartrand [18] found it to perform
similarly to a clinoptilolite from another supplier. Particle size distribution analysis of the
media by via sieve analysis was performed using ASTM D6913/D6913M-17 [26]. It showed
that 89% of the media particles were in the 0.59 to 1.68 mm range, an additional 5% of the
media was in the 0.4 to 0.59 mm range, and the rest consists of smaller particles [25]. A N2
adsorption-based surface area analyzer (ASAP 2020, Micromeritics, Norcross, GA, USA)
was used to determine the BET surface area of SIR-600, it was 16 m2/g [25].

The loading experiments were conducted using synthetic EIMWW wastewater because
an actual EIMWW was not available. It was prepared with ammonium chloride, potassium
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chloride and calcium chloride hexahydrate (ACS grade, Fisher Scientific, Waltham, MA,
USA). The synthetic wastewater had approximately 21 mg TAN as N/L, 30 mg K/L, and
80 mg Ca/L (1.5 meq/L, 0.77 meq/L, and 4 meq/L, respectively). These concentrations
are close to those reported for underground mining wastewater [19] (20 mg TAN as N/L,
14 mg K/L, and 87 mg Ca/L).

Two main regenerant solutions were used in this study, a NaOCl solution and a NaCl
solution. The NaOCl regeneration solution was obtained by the dilution of commercial
bleach. The 1000 mg free Cl2/L solution was chosen because it provided a sufficient quan-
tity of chlorine required to oxidize the TAN loaded on the zeolite during the experiments
(i.e., Cl2:N mass ratio > 8). The 5% NaCl regenerant was prepared by dissolving solid NaCl
(ACS grade, Fisher Scientific, Waltham, MA) in distilled water. The 5% NaCl solution was
selected because a previous study indicated this concentration was nearly as effective for
SIR-600 regeneration as 10% NaCl [16]. The pH of the NaCl regeneration solutions was
adjusted to pH = 10, to enhance the regeneration based on the shift from NH4

+ to NH3 at
this pH. The column experiments were primarily intended to compare the multiple-cycle
performance of the two regenerants. The ion uptake of zeolite in the subsequent cycle was
calculated to evaluate and compare the effectiveness of the two regenerant solutions.

2.2. Analytical Methods

Total ammonia nitrogen (TAN) concentration was quantified using a modified version
of the Nessler method from Standard Method 4500-NH3 C [27]. The resulting colour was
quantified in terms of the absorbance at a wavelength of 425 nm using a spectrophotometer
(DR6000, Hach, Loveland, CO, USA). The Ca and K ion concentrations were quantified
using a procedure adapted from Standard Method 3111B [28] using a flame atomic absorp-
tion spectrometer (AAS) (PinAAcle 500, PerkinElmer, Waltham, MA, USA). Free and total
chlorine concentrations were measured using Hach method 8021 and 8167 (equivalent to
Standard Method 4500-Cl G for drinking water) [28]. pH values were analyzed with a pH
meter (VER Symphony B10P, VWR, Radnor, PA, USA) with a pH probe (VWR 89231-580,
VWR, Radnor, PA, USA).

2.3. Experimental Methods
2.3.1. Column Setup

Bench-scale continuous flow column studies were conducted to assess SIR-600’s
performance in the removal of TAN from EIMWW. A clear glass column with 2.2 cm
inner diameter (ID) and 110 cm length (Ace Glass, Vineland, NJ, USA) was used for these
tests. 96.1 g SIR-600 (dry weight) were loaded into the column which resulted in an IE bed
depth of 30.5 cm and a bed volume (BV) of 116 cm3. A coarse sintered glass disc in the
column supported the IE materials. A stopcock at the bottom of the column was used to
stop the flow from the column when needed. The flowrate of the loading solution was
maintained at approximately 50 mL/min (25.9 BVs/h) by a high-pressure liquid metering
pump (Optos Model3, Eldex, Napa, CA, USA). The effluent flowrate was occasionally
monitored by weighing the mass of effluent collected over one minute, and the pump
setting was adjusted if it was necessary. The column delivered the EIMWW to the top
of the column from where it flowed through the SIR-600 bed in the down-flow direction.
The performance of the IE system was evaluated using multiple cycles to approximate the
long-term performance of the system. Each cycle of a column test was divided into two
parts: a loading phase and a regeneration phase.

In all the loading phases the same synthetic EIMWW was used as the influent; the
effluent TAN, Ca and K concentrations were monitored at regular intervals. The ion uptake
of the SIR-600 column in the loading phase can be calculated using an integral mass balance
of the ion, the resulting equation is:

q =

∫ V=loading phase end
V=0 (Cinf −Ceff)dV

M
(2)
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where q is the ion uptake of the SIR-600 (meq/g), V is the volume of liquid treated (L),
which changes with time; Cinf is the influent ion concentration (meq/L); Ceff is the effluent
ion concentration (meq/L), which changes with V and time; and M is the mass of SIR-600
(g) in the column. The integration was performed using the trapezoidal rule.

During the regeneration phases the regeneration solution was also circulated in the
down-flow mode. The regenerant flowrate was delivered using a peristaltic pump (Master-
flex L/S variable-speed economy drive, Cole-Parmer, Vernon Hills, IL, USA).

Four sets of tests were performed to study the feasibility of the loading-regeneration
cycles with different durations. Two of the sets used a 5% NaCl regeneration solution and
two used a 1000 mg free Cl2/L regeneration solution. For each regenerant, the first set of
tests had 23 h long loading phases and were intended to saturate or nearly saturate the IE
media. Furthermore, the second sets had 6 h long loading phases and were intended to
simulate more realistic operating conditions. The cycles were named using the following
XY# system. Where X equals S or C representing salt or chlorine, respectively; Y equals L
or S representing the 23 h and 6 h loading cycles, respectively; and # denotes the number of
the cycle. For example, SS#3 denotes the third 6 h loading run preceded by salt regeneration
and CL#2 denotes the second 23 h loading run preceded by chlorine regeneration.

2.3.2. Chlorine Regeneration

As mentioned earlier, hypochlorite regeneration in a continuous-flow column sys-
tem is part of the novelty of this study. The first chlorine regeneration cycle (CL1) was
initiated with a 50 mL/min (25.9 BVs/h) regeneration flowrate. However, this led to the
formation of many bubbles within the column, which constrained the flow and made the
flowrate unstable. Accordingly, the average regenerant flowrate was reduced to 20 mL/min
(10.3 BVs/h); it was monitored regularly and adjusted if necessary. As the regeneration
kinetics were not known, the chlorine regeneration duration for the 23 h loading phase was
chosen to be 3.4 h, which is comparable to that used for the salt regenerations. Since these
cycles were not so effective, the CS cycles used proportionally longer regeneration period
(4 h). In addition, the regenerant flowrate for the CS runs was reduced to 16 mL/min to
provide greater stability. Before each series of column tests (i.e., CL and CS), the zeolite
was preconditioned with 5% NaCl solution to ensure the loading performances in the first
loading phases of the chlorine cycles was equivalent to those of the first salt regeneration
cycles. The operating cycles with different durations and regenerant type are summarized
in Table 1.

Table 1. Operating cycles characteristics and codes.

Regenerant Type Loading Cycle/Regeneration Cycle Duration Cycle Codes

NaOCl

23 h/6 h
CL1
CL2

6 h/3.4 h
CS1
CS2
CS3

NaCl

23 h/3 h
SL1
SL2

6 h/1 h
SS1
SS2
SS3

2.3.3. NaCl Regeneration

After both the SL and SS loading cycles, the regenerant flowrate was 16 mL/min
(8.3 BVs/h). For the SL cycle tests, the 23 h loading phases plus a three-hour regeneration
phase was performed between two loading phases, so each regeneration used 25 BVs of
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regenerant. For the SS, the three 6 h loading phases were followed by 1 h regeneration
phases, so they used 8.3 BVs of regenerant per cycle.

3. Results and Discussions
3.1. Cycles for the 23 h Loading Phases with Chlorine Regeneration

To test the feasibility of chlorine regeneration to restore the TAN uptake capacity of
a SIR-600 packed column, two cycles with 23 h column loading phases were performed
(CL1 & CL2). Accordingly, only CL2 is representative of the impact of chlorine regeneration
and is the focus of the discussion. The second CL cycle’s breakthroughs occurred a bit
earlier than the first cycle’s as the column was adjusting to the change in regenerant
solution and regeneration cycle length. The following observations can be made from the
ion breakthrough curves for the CL2 cycle (Figure 1a). First, the normalized effluent ion
concentrations (i.e., Ceff/Cinf) reach a value of 1, so the column becomes saturated for the
three ions after approximately 380 BVs (~900 min). Thus, using chlorine regeneration the
loading runs should be less than 960 min. Second, the order of the ion breakthroughs is
Ca then K and finally TAN, however K and TAN saturate at approximately the same time.
Third, after 150 bed volumes of water are treated, the normalized effluent Ca concentration
(i.e., Ceff/Cinf) slightly exceeds 1, indicating that some previously sorbed Ca is being
displaced. This is presumably due to the competition with TAN and K.
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uptake versus bed volumes of water treated.

The breakthrough results yielded the cumulative uptake curves shown in Figure 1b,
its key features are as follows. First, the three ions appear to reach saturation levels as the
uptakes appear to reach plateau values. Second, the Ca uptake peaks at around 150 bed
volumes of water treated and then decreases as expected from the Ceff/Cinf values greater
than 1 in Figure 1a. Thus, the Ca appears to be displaced due to competition with the
TAN and K. Third, by the end of the loading phase the column achieves a saturation
TAN uptake of 0.3 meq TAN/g. There are no previous studies with chlorine regeneration;
however, this value is within the 0.073 to 0.5 meq/g range reported in the literature for
NaCl regeneration [15,20,21]. Fourth, the column achieves significantly higher TAN:K
uptake ratios (2.7 to 1) than observed by Ames [11]. He observed a general selectivity order
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of K > TAN in his experiments using solutions with equal ion concentrations, in the current
study’s EIMWW the TAN/K ratio was 1.95. In addition, the higher TAN than K uptake
is consistent with the findings of Chartrand et al. [2] using the same media. On the other
hand, the TAN:K uptake ratio in CL2 is significantly higher than that in CL1 (1.3 to 1, data
not shown). The probable reason for the relatively higher TAN uptake is that chlorine
regeneration primarily targets SIR-600 sites occupied by ammonium during regeneration,
because of the reaction between the OCl− in the regenerant and the ammonium in the
column during the regeneration phase.

The reaction stoichiometry suggested by Zhang et al. [24] was presented as Equation (1).
That equation is equivalent to the overall reaction of breakpoint chlorination [29]:

2NH+
4 + 3ClO− → N2 ↑ +3Cl− + 3H2O + 2H+ (3)

Thus, during the NaOCl regeneration, the ammonium was oxidized into nitrogen gas
which left the system. The bubbles generated in the column during the regeneration of
the SIR-600 bed suggest that this reaction was taking place. Because of the reaction, the
regeneration of the Ca and K occupied sites likely occurred by IE, with the limited quantities
of Na introduced through the NaOCl solution. The hypochlorite solution introduces
approximately 324 mg Na/L (assuming NaOCl is the only Na source in the original bleach)
while the 5% NaCl regeneration solution contains 19,658 mg Na/L. Thus, the Ca and
K uptakes are lower than the TAN uptakes in the CL2 loading phase. Note that if Ca
and K uptake after the NaOCl regeneration were to only take place on sites previously
occupied by TAN, then this uptake would be limited to the decrease of the TAN uptake
between the first and second loading cycle. Since this difference is only 0.09 meq/g
(i.e., 0.39 – 0.3 meq TAN/g) while qCa + qK in the second loading cycle is 0.34 meq/g
suggests that the sodium in the NaOCl solution played a role in the column regeneration.

3.2. Cycles for the 6 h Loading Phases with Chlorine Regeneration

To further compare NaOCl regeneration with NaCl regeneration, a set of column
runs with 6 h loading cycles were performed, these are referred to as the CS cycles. The
breakthroughs in the loading phases of the CS cycles shifted to the left as the column
equilibrated to the regeneration solution (as the first loading was conducted with media
conditioned with 5% NaCl solution) and the different cycle lengths. The second and third
cycles yielded similar breakthroughs, thus the analysis will continue based on the third
cycle which should be the most representative of the new set of operating conditions.
As expected, the ion breakthroughs (Figure 2a) followed the same order as in the CL2
(Figure 1a) and only the Ca concentration of effluent approached that of feed solution by
the end of the CS3 loading phase. The K and TAN concentrations in the effluent reached
approximately 54% and 43% of the influent concentrations by the end of the CS3 loading
phase. This breakthrough data was used to construct a graph of the loading phase’s
cumulative ion uptakes versus bed volumes of water treated (Figure 2b). First, uptakes
follow a similar pattern and similar values to those in the 23 h loading phase. For example,
the column becomes saturated with Ca after about 100 bed volumes of water is treated, as
in the 23 h loading phase. Second, at the end of the 6 h loading phase Ca has the highest
uptake as opposed to the TAN uptake at the end of the 23 h loading phase. However, after
150 BVs of water treated, the ion uptakes are similar (Ca:TAN:K = 0.26:0.21:0.09 for CS3
vs. 0.28:0.2:0.08 for CL2 (Figure 1b)). Third, the TAN uptake is significantly higher than
that of K (0.21 vs. 0.09 meq/g at the end of the CS3 loading phase). Fourth, the rate of
TAN uptake increases slightly faster than that of K, the TAN:K ratio increased slightly from
2.1:1 at 25 BV to 2.3:1 at 144 BV. The TAN:Ca cumulative uptake ratio also increased with
bed volumes of treated water (e.g., 0.42:1 at 25 BVs to 0.83:1 at 144 BVs). Thus, the relative
TAN uptake in CS3 increased slightly with an increasing number of bed volumes treated.
Finally, if the NaOCl solution only regenerated the sites containing TAN, then the total ion
uptake (qCa + qTAN + qK) in the last loading cycle should be less than or equal to the TAN
uptake in the previous loading cycle. As shown by Figure 3, for CS3, qCa + qTAN + qK is
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approximately 0.56 meq/g which is much larger than the 0.21 meq/g TAN uptake of the
second cycle (CS2). This indicates that the Na in the NaOCl has a significant role in the
column regeneration.
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Figure 2. Third 6 h loading cycle with chlorine regeneration (CS3): (a) breakthrough; (b) ion uptake
versus bed volumes of water treated.

Water 2022, 14, x FOR PEER REVIEW 7 of 17 
 

 

of water treated, the ion uptakes are similar (Ca:TAN:K = 0.26:0.21:0.09 for CS3 vs. 

0.28:0.2:0.08 for CL2 (Figure 1b)). Third, the TAN uptake is significantly higher than that 

of K (0.21 vs. 0.09 meq/g at the end of the CS3 loading phase). Fourth, the rate of TAN 

uptake increases slightly faster than that of K, the TAN:K ratio increased slightly from 

2.1:1 at 25 BV to 2.3:1 at 144 BV. The TAN:Ca cumulative uptake ratio also increased with 

bed volumes of treated water (e.g., 0.42:1 at 25 BVs to 0.83:1 at 144 BVs). Thus, the relative 

TAN uptake in CS3 increased slightly with an increasing number of bed volumes treated. 

Finally, if the NaOCl solution only regenerated the sites containing TAN, then the total 

ion uptake (qCa + qTAN + qK) in the last loading cycle should be less than or equal to the 

TAN uptake in the previous loading cycle. As shown by Figure 3, for CS3, qCa + qTAN + qK 

is approximately 0.56 meq/g which is much larger than the 0.21 meq/g TAN uptake of the 

second cycle (CS2). This indicates that the Na in the NaOCl has a significant role in the 

column regeneration. 

 

Figure 2. Third 6 h loading cycle with chlorine regeneration (CS3): (a) breakthrough; (b) ion uptake 

versus bed volumes of water treated. 

 

Figure 3. Ion uptakes at the of the CS loading phases. 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

Ca TAN K Ca + TAN + K

Io
n

s 
u

p
ta

ke
 (

m
e

q
/g

 ) CS1

CS2

CS3

Figure 3. Ion uptakes at the of the CS loading phases.

Figure 4 compares the ion uptakes of the 23 h and 6 h loading cycles that were
associated with the NaOCl regeneration. Surprisingly the 6 h loading phase resulted in a
higher Ca uptake than the 23 h loading phase. This could be explained by the greater impact
of ion competition during the 23 h loading cycle, as evident in the very slow Ca uptake
that increased after 80 BVs of water treated in Figure 1b. The TAN, K and total ion uptakes
for the 6 h loading phase were smaller (28, 13 and 11%) than those for the 23 h loading
phases but not nearly proportional to 3.8 folds difference in the loading cycle durations.
Thus, if one uses a two column IE system with one IE column treating EIMWW and the
second IE column being regenerated or waiting to go online, then over a one-day period,
for the 23 h loading phases there are 1.04 cycles per day whereas for the 6 h loading phases
there are 4 cycles per day. These would achieve a removal rate of 0.31 meq TAN/g/day



Water 2022, 14, 3094 8 of 16

(i.e., 1.04 cycle/d × 0.30 meq TAN/g) vs. 0.84 meq TAN/g/day (i.e., 4 × 0.21 meq TAN/g).
Accordingly, over the 24 h period the short loading phases the SIR-600 would remove
2.7 times more TAN.
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Figure 4. Cumulative ion uptakes at the end of the 23 h and 6 h loading cycles with NaOCl regeneration.

3.3. Chlorine Reactions within the Hypochlorite Regeneration of the Column

The ammonia-chlorine reactions are complex and involve multiple steps and multiple
species that are greatly impacted by pH and the Cl2:N ratio [29]. With increasing chlorine
addition the following three sequential classical ammonia–chlorine oxidation reactions are
as follows [29].

HOCl + NH3 → NH2Cl + H2O (4)

HOCl + NH2Cl→ NHCl2 + H2O (5)

HOCl + NHCl2 → NCl3 + H2O (6)

The summation of the monochloramine (NH2Cl), dichloramine (NHCl2) and trichlo-
ramine (NCl3), which is referred to as the total chloramines and are the main components
of the combined chlorine. With further chlorine additions, NHCl2 and NCl3 react to form
nitrogen gas. As the raw water does not contain organic compounds and chlorinated
organic compounds cannot be formed, the measured combined chlorine consists of these
chloramines. It should be noted that the preponderance of the various chloramine species is
pH and Cl2:N is ratio-dependent [29]. To investigate the mechanisms of the chlorine regen-
eration process, the pH, the free chlorine, and total chlorine concentrations were measured
in the regeneration effluent samples taken at different times during the regeneration phase.

The data from the CS3 regeneration phase was chosen for presentation (Figure 5) as
it was the last cycle and thus more representative of long-term performance. Figure 5
shows the pH values, combined and free chlorine concentrations vs. bed volumes in the
regeneration using a 1000 mg/L free Cl2 solution. The major features of Figure 5 are as
follows. First, for the initial 16 BVs of regenerant, the free chlorine concentrations were
much lower (below 20 mg Cl2/L) than the regenerant feed concentration (1000 mg/L)
and then increased until they reached approximately 840 mg Cl2/L at the end of the
regeneration process. Thus, it appears that up to 16 BVs of regenerant, all the free chlorine
was being consumed. At the end of this regeneration phase, some of the SIR-600 was still
being regenerated as still 16% of the free chlorine was being consumed. Given that the
effluent-free chlorine profile is similar to a breakthrough curve, it seems the pattern is due
to diffusional limitations.
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Figure 5. Effluent regenerant water quality during the 4 h-CS3 regeneration: pH, combined chlorine,
total chlorine and free chlorine.

Second, the total chlorine follows a very similar pattern to the free chlorine, indicating
very low combined chlorine concentrations. Third, the combined chlorine concentration
(i.e., the difference between the total and free chlorine concentration) has a small spike at
the beginning of the regeneration phase and then stays relatively constant at approximately
40–70 mg /L as Cl2. It should be noted that influent regenerant also contained a combined
chlorine concentration of approximately 40 mg/L as Cl2. Thus, very little combined chlorine
seems to be generated after the initial peak and after 16 BVs of regenerant are processed,
the main component of the total chlorine in the effluent is free chlorine. Fourth, the pH
of the feed regenerant was ~9.0. Initially, the effluent pH dropped to approximately 3 as
the regenerant gradually replaced the distilled water present within the column’s voids.
After that, the pH remained at approximately 3 till about 16 BVs of regenerant, and then it
increased eventually reaching approximately a pH of 8. The pH, free chlorine, and total
chlorine follow the same trend: relatively low at the start and gradually increased during
the middle of the regeneration phase. As the hypochlorite solution gradually entered the
SIR-600 bed, it is hypothesized that the abundant ammonium sorbed on the IE material
was rapidly oxidized into nitrogen gas (as suggested by Equation (3)) or possibly other
species (e.g., NO3

−) with limited “nuisance residual” (NH2Cl, NCl3) generated [25]. H+

ion generated as a by-product of this reaction, lowered the pH of the effluent.
The following assumptions were made to study the stoichiometric equation. First, the

mmoles of ammonia oxidized were estimated by assuming it to be equal to the TAN uptake
in the previous loading phase minus the eluted TAN in the following regeneration phase.
Using this estimate the amount of the oxidized ammonium was approximately 19 mmol.
Secondly, given the free chlorine profile during the regeneration, one could assume it to be
complete when the free chlorine concentration in the effluent starts to increase sharply at
16 BV of regenerant. However, it is recognized that the number of regenerant BVs required
for the full regeneration should be even higher because it is impossible to determine what
the correct value should be. Numerical integration of the free chlorine consumed data
up to 16 BV of regenerant yields 25.6 mmoles of free chlorine were consumed. Thus,
the estimated molar free chlorine to ammonium ratio would be 1.35 (i.e., 25.6/19) Thus,
molar free chlorine to ammonia ratio of 1.5 in Equations (1) and (3) seem reasonable. A
second aspect of the stoichiometry that can be investigated is the H+ generation based
on the changes in pH. Given the influent regenerant pH was equal to ~9, the influent H+

concentration is 10−9 mol/L. Then, using the effluent data, one can calculate the cumulative
amount of H+ generated as a function of the volume of regenerant processed, which in turn
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can be used to calculate the moles H+ generated per mole of free chlorine consumed. The
value of this ratio varied with bed volumes of regenerant processed but its maximum value
was 0.057. However, for the CL1 regeneration the pH dropped to approximately 2.35 (data
not shown) and the maximum OCl−/H+ molar ratio was 0.24, which is still smaller than
the 0.666 value predicted by Equation (3). The higher actual pH than the theoretical pH
(based on Equation (3)) was possibly due to the reaction between monochloramine and
acid, the reaction of hypochlorite ion and the acid, or even possibly reactions between the
IE material and the acid.

3.4. Cycles for the 23 h Loading Phases with 5% NaCl Regeneration

The ion breakthroughs of the SL1 cycle were very similar to that of CL1 (Figure S1),
indicating that media performed consistently. The ion breakthrough curves of two SL
cycles were essentially the same, thus, the 3 h-long 5% NaCl regeneration was effective in
restoring the IE capacity of the zeolite. The breakthrough curves for the second cycle (SL2),
in terms of the normalized effluent concentration (i.e., Ceff/Cinf), are presented in Figure 6a,
which shows the following. First, the column becomes saturated for Ca first, that is, the
effluent concentration reaches the same levels as those in the influent (i.e., Ceff/Cin = 1),
at around 400 bed volumes of water treated and plateaus thereafter. Second, the column
becomes saturated for TAN at approximately 500 BVs of water treated. Third, the media
is not quite saturated with respect to K at the end of the loading run (Ceff/Cin = 0.81 at
586 BVs) and the uptakes are still increasing. Fourth, the order of the breakthroughs (i.e.,
Ca→ TAN→ K) is somewhat different from the loading after chlorine regeneration (i.e.,
Ca→ K→ TAN). Possible reasons for the deviation were discussed in Section 3.1.

Water 2022, 14, x FOR PEER REVIEW 11 of 17 
 

 

 

Figure 6. Column’s SL2 loading cycle: (a) Ion breakthrough; (b) Ion uptake versus bed volumes of 

water treated. 

The cumulative ion uptakes are presented in Figure 6b. As expected from the very 

similar breakthrough curve, the ion uptakes achieved in both cycles were very similar as 

well. The order of the ion uptakes (meq/g) in one loading phase was Ca > TAN > K. This 

order is the same as that of the ion concentrations in the loading solution. Thus, as ex-

pected, the ion concentrations (in meq/L) in the feed solution impact the ion uptake in the 

column loading process when 5% NaCl was applied. 

It should be noted that the Ca, TAN and K loadings achieved at the end of the column 

run (i.e., 0.67, 0.37 and 0.29 meq/g) were 14% lower, 20% higher and 21% higher than those 

obtained by Zhang [25] for batch tests using the same water and media. This can be ex-

plained by the fact that the equilibrium liquid phase concentrations during the batch tests 

are lower than those in the EIMWW, while the loadings in the column tend towards to 

equilibrate with the feed (i.e., the EIMWW). While there are many column studies in the 

literature, it is difficult to equitably compare the TAN loadings because of the differences 

between the studies. For studies using clinoptilolite treating solutions with approximately 

20 mg/L TAN and using a 2 mg/L breakthrough concentration, the range of TAN uptakes 

ranges from 0.076 to 0.5 meqTAN/g [18–21,30,31]. For the current run using the same cri-

teria, the TAN uptake is 0.16 meq TAN/g, so the results are comparable particularly given 

that the current study uses a higher flowrate, smaller particle size media and the pH of 

the regeneration is not as high. 

Figure 6b can also be used to assess the impact of the column kinetics on the ratio of 

the cumulative uptake of the key ions during the loading phase of the second SL cycle. 

The TAN:Ca ion uptake ratio increased from 0.4 at 51 BVs to 0.55 at 586 BVs, which means 

Ca became somewhat less preferable to be absorbed over TAN in IE column during the 

loading phase. On the other hand, the TAN:K uptake ratio decreased gradually from 51 

BVs to 586 BVs (2.0:1 to 1.3:1). The fact that the TAN:K uptake ratio is greater than 1 is 

consistent with the results using NaOCl regeneration. Furthermore, the column run du-

ration and the breakthrough concentration selected are critical to column performance in 

terms of the qTAN/qK ratios achieved. The qTAN/qK > 1 result is consistent with the findings 

of Chartrand et al. [2].  

Figure 6. Column’s SL2 loading cycle: (a) Ion breakthrough; (b) Ion uptake versus bed volumes of
water treated.

The cumulative ion uptakes are presented in Figure 6b. As expected from the very
similar breakthrough curve, the ion uptakes achieved in both cycles were very similar as
well. The order of the ion uptakes (meq/g) in one loading phase was Ca > TAN > K. This
order is the same as that of the ion concentrations in the loading solution. Thus, as expected,
the ion concentrations (in meq/L) in the feed solution impact the ion uptake in the column
loading process when 5% NaCl was applied.

It should be noted that the Ca, TAN and K loadings achieved at the end of the column
run (i.e., 0.67, 0.37 and 0.29 meq/g) were 14% lower, 20% higher and 21% higher than
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those obtained by Zhang [25] for batch tests using the same water and media. This can be
explained by the fact that the equilibrium liquid phase concentrations during the batch
tests are lower than those in the EIMWW, while the loadings in the column tend towards to
equilibrate with the feed (i.e., the EIMWW). While there are many column studies in the
literature, it is difficult to equitably compare the TAN loadings because of the differences
between the studies. For studies using clinoptilolite treating solutions with approximately
20 mg/L TAN and using a 2 mg/L breakthrough concentration, the range of TAN uptakes
ranges from 0.076 to 0.5 meqTAN/g [18–21,30,31]. For the current run using the same
criteria, the TAN uptake is 0.16 meq TAN/g, so the results are comparable particularly
given that the current study uses a higher flowrate, smaller particle size media and the pH
of the regeneration is not as high.

Figure 6b can also be used to assess the impact of the column kinetics on the ratio of
the cumulative uptake of the key ions during the loading phase of the second SL cycle. The
TAN:Ca ion uptake ratio increased from 0.4 at 51 BVs to 0.55 at 586 BVs, which means Ca
became somewhat less preferable to be absorbed over TAN in IE column during the loading
phase. On the other hand, the TAN:K uptake ratio decreased gradually from 51 BVs to
586 BVs (2.0:1 to 1.3:1). The fact that the TAN:K uptake ratio is greater than 1 is consistent
with the results using NaOCl regeneration. Furthermore, the column run duration and
the breakthrough concentration selected are critical to column performance in terms of
the qTAN/qK ratios achieved. The qTAN/qK > 1 result is consistent with the findings of
Chartrand et al. [2].

3.5. Cycles for the 6 h Loading Phases with 5% NaCl Regeneration

The three SS cycles (6 h loading + 1 h NaCl regeneration) were conducted to assess
the performance of the SIR-600 column with shorter loading and regeneration times. The
breakthroughs of the succeeding cycles occurred progressively earlier as the system was
adjusting to the new cycle times; however, the difference in the TAN breakthroughs of
the second and third SS cycle is relatively small so the system appears to have stabilized.
As the third SS cycle should be the most representative of the long-term performance,
the subsequent analysis is based on this cycle (SS3). For the 6 h loading cycle, the ion
breakthroughs (not shown) followed the same order as that of the 23 h loading phase.
Figure 7 shows that, as expected, the ion uptakes were continuously increasing, and they
approach but did not reach a plateau level due to the shorter loading phases. The order of
the ion uptakes was the same as with the longer loading phases (qCa > qTAN > qK). The
SS3 ion uptakes were relatively close to those attained during SS2 after 6 h of operation
(qCa = 0.52 vs. 0.54 meq/g; qTAN = 0.21 vs. 0.22 meq/g; and qK = 0.12 vs. 0.12 meq/g). The
differences are attributed to the ongoing re-equilibration of the system and/or a somewhat
insufficient regeneration time.

Compared with the ion uptake ratio change in the SL cycles, the ion uptake ratios
(TAN:Ca and TAN:K) did not change significantly during the 6-h loading phase of the third
SS cycle. This can be explained by the fact that the IE material did not reach or nearly reach
the saturation state for any of the three types of ions during the SS loading phases, and
the uptake of K was lower leading to less competition for exchange sites. As the column
becomes more saturated, the K exerts more competition on the other ions. It should also
be noted that there are different ways of quantifying selectivity. In the above experiments,
the zeolite column achieved larger uptakes for TAN than K, which suggest SIR-600 has a
greater TAN preference in this EIMWW. The greater TAN to K uptake ratio for the shorter
loading phases indicates that the dynamics of the column system impact the preference of
TAN over K. The qTAN/qK ratio greater than one is consistent with the results of Chartrand
et al. [2] for their shorter column run (50 BVs, final TAN Ceff/Cinf = 0.14). As expected, the
Ca, TAN, K and total ion (i.e., Ca + TAN + K) uptakes at the end of SL3 loading cycle were
lower than those for the 23 h cycle (22, 43, 60 and 36% lower, respectively). Interestingly,
the TAN fraction of the uptake decreased by a much smaller percentage (15%). The ratio
of Ca:TAN:K uptake (meq/g) in the SS3 loading phase is 4.5:1.8:1, which is close to the
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Ca:TAN:K concentration (in meq/L) ratio in the loading solution (5.2:1.9:1). Comparing the
result of loadings in SL cycles, the ion uptake ratios in SS loadings were presumably more
related to the ion concentration ratio in the loading solution.
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Figure 7. Ion uptake during the loading phase of the SS3 cycle versus bed volumes of water treated.

Based on the salt regeneration cycles and a two-column system, the daily TAN removal
rate yields a higher value for the 6 h loading phases than for the 23 h loading phase, that is
0.84 meq TAN/g/day (i.e., 4 cycles/d × 0.21 meq TAN/g) vs. 0.38 meq TAN/g/day (i.e.,
1.04 cycles/d × 0.366 meq TAN/g). Accordingly, over the 24 h period the short loading
phases the SIR-600 would be twice as productive in terms of TAN uptake while using only
a somewhat larger volume of NaCl regenerant. In addition, in the shorter cycles, the TAN
uptakes are less impacted by competition with K, as the TAN:K ratio increased from 1.3 for
the 23 h loading phases to 1.8 for the 6 h loading phases. Thus, the shorter loading phases
seem much more efficient and practical.

3.6. Comparison of the Performance with Chlorine Regeneration and Salt Regeneration

The main measures of system performance comparing the performance of the IE sys-
tems for ammonium removal from EIMWW are: (a) the TAN uptakes; and (b) regeneration
efficiency. A comparison of the loading ion uptakes achieved at the end of the last cycles us-
ing 6 h loading phases after salt regeneration (Figure 7) and NaOCl regeneration (Figure 2b)
yields Figure 8. First, it clearly shows that NaOCl regeneration decreased the total ion
uptake by 33%. The principal reason for the lower total uptake is that: (a) the chlorine
primarily targets the TAN regeneration; (b) Na+ is present in much smaller concentrations
than with salt regeneration (324 mg Na/L vs. 19,658 mg Na/L); and (c) accordingly, only a
fraction of the sites occupied by Ca and K get regenerated. Thus, in the subsequent loading
cycle, the total ion uptakes decrease. The percent decrease for TAN is much lower than
that for the other ions, suggesting that the NaOCl may have altered the selectivity of some
sites. Second, the TAN uptake is approximately the same. Comparing the contribution of
TAN to the total ion uptake (Figures 2b and 7) it is evident that the TAN fraction of the
total ion uptake for chlorine regeneration was 52% higher than for the salt regeneration
(i.e., 0.21 meq/g out of 0.56 meq/g versus 0.21 meq/g out of 0.85 meq/g, or 0.38 versus
0.25). Thus, the chlorine regeneration seems to make the system more TAN selective
(qTAN/qK = 2.3 versus 1.75 for 6 h loading cycles). Furthermore, NaOCl regeneration is
promising as it achieves essentially the same TAN uptake and avoids the problems of
disposing of spent salt regenerant solutions.
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Additional important considerations in the operation of zeolite column systems are
the effectiveness and time required to complete the regeneration cycle. During the chlorine
regeneration, most of the ammonium reacted with chlorine and was lost from the system as
nitrogen gas. As the nitrogen gas was not quantified, it was impossible to conduct a mass
balance to assess the TAN released from the IE media and to determine the regeneration
efficiency directly by comparing the mass of TAN uptaken and the mass of TAN eluted.
Given that after 240 min the effluent-free chlorine concentration and pH have not reached
their feed levels (Figure 5), suggests the regeneration is not quite complete. However, the
TAN uptake was essentially the same for cycles CS2 and CS3 (Figure 3) the 4 h NaOCl
regeneration cycle appeared to be fully effective. Given that 240 min is a much longer
regeneration time than predicted by the mass of TAN loaded on the column bed and
stoichiometric chlorine requirement to oxidize this ammonia (i.e., ~130 min) suggests there
may be other side reactions, non-ideal flow patterns and/or mass transfer limitations.

Ideally, the regeneration phase should be much shorter than the loading phase as there
is a need for rinse cycles and it is desirable to have some idle time. The SS series of tests used
6 h loading phases and 1 h regeneration phases, but based on the 80–90% ion recoveries,
thus a somewhat longer generation period should be considered. Regardless of this, there is
significant idle time. For the CS series, the regeneration was 4 h long so it leaves two hours
for the rinsing and idling, which is significantly less but may be sufficient. Based on the
effluent regenerant’s free chlorine concentrations (Figure 5), it seems that at least 180 min is
required for fairly effective regeneration. Initially, much higher chlorine solution flowrates
were tried but this led to an excessive quantity of bubbles which impeded the flow, thus it
had to be decreased. An alternative would be to use even higher chlorine concentrations,
but at 1000 mg/L free chlorine they are already very high and higher concentrations may
also lead to the excessive generation of bubbles and/or may lead to the deterioration of
the materials within the system. Possibly using a higher flowrate of a lower concentration
chlorine regeneration solution may accelerate the chlorine regeneration. Regardless, more
research is required into the impact of the key chlorine regeneration operational variables.

Note that although effluent TAN concentration exceeds the common 2 mg/L
(Ceff/Cinf = 0.095) regulatory standard, this is a proof of concept study. In practice, one
would normally use a number of different strategies to reduce the TAN discharge concen-
trations. These include using shorter loading runs, using larger columns and/or using a
lower flowrate. One could add an effluent collection tank with a mixer to collect from the
entire loading cycle and blend it to attain a lower average effluent TAN concentration, or
one could have several columns in series or several columns in parallel.

It is acknowledged that using 1000 mg/L NaOCl solutions requires the transportation
of concentrated NaOCl solution (~12% v/v) to the site and a number of safety precautions.
These include a separate chlorine storage and solution preparation area, a containment
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system for the concentrated solution storage tank, and a dilution system including a tank,
piping and pumps that are not impacted by these chlorine levels. In addition, the materials
in the IE column system must also tolerate pHs less than 3 and chlorine concentrations of
at least 1000 mg Cl2/L.

4. Conclusions

The SIR-600 performance in TAN removal from an EMIWW and the effectiveness of
different regenerants were tested using multi-cycle bench-scale continuous column loading-
regeneration experiments. This represents the first report to study chlorine regeneration of
a zeolite column used for the removal of ammonium from a multi-ion solution. The major
findings are as follows:

• After operating the column for several operational cycles using 6 h loading phases,
chlorine regeneration yielded the same TAN uptakes as NaCl regeneration without
producing a regenerant that requires further treatment prior to disposal.

• In the column cycles, the NaOCl regeneration increased SIR-600’s TAN preference
over K and Ca in the synthetic EIMWW compared to that of NaCl regenerated SIR-600
(qTAN/qK = 2.3 versus 1.75 for 6 h loading cycles).

• The NaOCl regeneration required longer cycles than the NaCl regeneration.
• It was found that the simultaneous sharp increases in pH, total chlorine and free

chlorine concentrations in the effluent regenerant were positively related during the
regeneration process, with limited combined chlorine generation (≤100 mg/L). This
suggests that the oxidation of ammonium into nitrogen gas is the major mechanism
behind chlorine regeneration of TAN loaded zeolite.

• Comparing the total cation (Ca, TAN plus K) uptakes after NaOCl regeneration with
the TAN uptake achieved by salt regeneration suggests that the Na in the NaOCl
regeneration solution played a role in the regeneration.

• Due to the higher TAN mass removal per day, the short duration loading cycles were
preferred over the long duration loading cycles.

The above study focuses on the application for a synthetic EIMWW; similar studies
should be performed with solutions containing higher TAN concentrations and different
TAN:K ratios. More research on the impact of the chlorine concentration, regenerant
flowrate and regeneration phase duration is required.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14193094/s1, Figure S1. TAN breakthrough for the first 23 h
loading cycles of the NaCl and NaOCl regeneration runs (SL1 and CL1).
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