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a b s t r a c t
Breakthrough (CCBTP) and exhaustive column capacities (CCEP) of synthetic zeolite (Crystal-Right [CR]) 
in original form and zeolite in several forms obtained after regeneration processes, toward ammonium 
was examined during subsequent NH4

+ adsorption tests using different ratios of NaCl and NaClO for 
regeneration. The breakthrough point’s calculations were used for dimensionless adsorption power coef-
ficients (APC) establishment that indicated CCBTP and CCEP values, respectively. It was shown that H+ 
increased as a consequence of NaClO hydrolysis in the presence of brine sodium cations, and its bonding 
to zeolite active sites significantly reflected on column capacity values. The bonding of generated protons 
to basic synthetic zeolite structure oxygen bridges enhanced the number of active sites suitable for NH4

+ 
ion-exchange. This catalytic effect of NaClO to H+ enabled iterative usage of synthetic zeolite for NH4

+ 
adsorption with enhanced adsorption properties. Optimal molar ratio of regenerants quantity (RAT) and 
exhaustive column capacity expressed in moles and defined as RAT/CCEP of 312.85 contributed to increase 
of column capacities with regard to the original zeolite. Adsorption processes G, H and I provided the 
highest specific APC breakthrough point of 0.81, 0.75 and 0.76 and APC exhausting point of 0.52, 0.54 and 
0.53, respectively, which indicated better ammonia bonding onto those CR than the original CR and other 
regenerated CRs. Larger part of ammonia was bonded to CR crystalline structure by electrostatic adsorp-
tion and was successfully eliminated in strong oxidation process by NaClO in engaged regeneration 
modes (F–H). The best results of CR adsorption properties enhancement were obtained in regeneration 
modes (F–H), which were conducted using mixture of NaCl and NaClO in molar ratios of 10.62:1, 7.07:1 
and 21.24:1, respectively. Ammonia removal efficiency was higher in three adsorption processes that were 
conducted with regenerated zeolite than removal efficiency obtained with native non-regenerated zeolite.

Keywords:  Adsorption characteristics enhancement; Ammonia adsorption power coefficient; 
Regeneration; Synthetic zeolite; Breakthrough column capacity; Exhausting column capacity

1. Introduction

Natural and synthetic zeolites are highly porous zeo-
lites that belong to structural class of ion-exchangeable sys-
tems and the diversity of zeolite crystals is a consequence of 
different crystal types especially expressed in wide range of   
Si/Al relations and Al distribution over the lattice as well 
[1]. Within the framework of zeolites cavities, it is evident 

that the amount of existing monovalent cations is twice the 
 content of divalent cations. These phenomena are induced 
by the charge balance principle and explained on the base of 
 cation- hopping polarization hypothesis [2]. It is known that 
aluminum  distribution and zoning, especially spatial ones, 
within a  zeolite crystal, is crucial for physicochemical char-
acterization, catalytic performance and application of zeo-
lites [3]. Zeolites characterize catalytic properties through 
Brønsted acid, Lewis acid and oxidation reaction active sites, 
so the zeolite surface acidity emphatically depends on the 
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exchanged cation nature [4]. Zeolite protons in H+ forms are 
coordinated to oxygen atoms and constituted OH groups [5] 
which showed a range of acid strength. Different wavelengths 
of present hydroxyl groups depend on Si/Al ratio and its posi-
tion in framework cages is changing the zeolite nature from 
weak to strong acid sites. Investigated changes in hydroxyl 
groups wavelengths are actually related to decrease in inter-
actions between (AlO4)– tetrahedra, observed from the low to 
high Si/Al ratios [6]. Modifications in zeolite framework cation 
field are based on the increase in ionic strength and formation 
of new acid sites which results in the adsorption capacity 
enhancement. The polarization of hydroxyl groups produces 
more active protons, especially during the acid strength 
increase in polyvalent cationic zeolites [7]. At the base of zeo-
lite hydration, upon water hydrolysis, the significant genera-
tion of protons is observed as charge interactions in framework 
[8]. When zeolite sodium cations are exchanged for protons, a 
linear increase in acid strength is indicated. The decrease in the 
framework interactions induced with Si/Al ratio rising, in the 
same time, increased activity coefficients. The enhancement of 
zeolites adsorption capacity by the increase of suitable active 
sites quantity was the scope of many investigations and the 
revitalization of zeolite pores filled with sorbate was achieved 
by action of specific chemicals–regenerants [9,10]. These chem-
icals either by ion- exchange or other physicochemical process 
like dissolution [11] or oxidation [12] are capable of restoring 
zeolite active sites and specific surface area to the same or bet-
ter conditions as in the original material. Besides the chemi-
cals, microbiological processes can also discharge zeolite pores 
[13]. Synthetic zeolites bond ammonium very efficiently, con-
trary to natural zeolites that also remove ammonium but only 
with one-fourth of the capacity of synthetic zeolites. Natural 
zeolites are also very ineffective with regard to regeneration. 
Synthetic zeolites such as Crystal-Right CR-100 and CR-200, 
remove ammonium with great efficiency and can be regener-
ated using only brine and Na-hypochlorite [14].

With appreciation to zeolite’s molecular screen charac-
teristics and their distinct capability toward ion-exchange, 
zeolites are more and more used as adsorbents in separation 
and purification processes. One of the most often application 
of natural and synthetic zeolites is ammonium removal from 
natural [15] and wastewaters [16,17].

Ammonia is recognized as one of hazardous water pol-
lutants which is toxic to aquatic organisms and humans [18], 
hence according to European Legislation, the maximum 
allowed concentrations (MAC) for ammonia in drinking 
water is 0.5 mg/L [19]. Zeolites are often used as adsorbents 
in separation and purification processes and one of the most 
often application of natural and synthetic zeolites is ammo-
nium removal from natural [15] and wastewaters [20].

Generally, ammonium ion can be coordinated by three 
ways, specifically through two, three or four oxygen atoms 
from zeolite crystal [5]. Under conditions of high ammo-
nium coverage, formation of acidic ammonium associations 
which ensign zeolite NH4

+ acidity was studied [21]. The com-
parison of regenerated and native adsorbents adsorption 
properties in batch and fixed-bed conditions that can prove 
eventual adsorption power enhancement is accomplished 
using different methods [22–25]. Accustomed accesses are 
obtained through the determination of maximal adsorption 
capacities by utilization of different adsorption isotherm 

models [26–29], kinetics models of pseudo–first-order and 
pseudo-second-order [30,31]. Thomas column model was per-
formed for column performance analyze [32–34]. The influence 
of bed depth, pH, temperature, nature of sorbent and adsor-
bate as well as the position of breakthrough point (BTP) and 
surfaces under breakthrough curves were also investigated 
[35–39]. Breakthrough curves which refer to solid/liquid sepa-
ration can be derived from the relation of adsorbed adsorbate 
concentration with time or adsorbate solution effluent volume, 
respectively [40,41]. Two consequential points can be observed 
at each breakthrough curve, the BTP and exhaustive point (EP) 
determining the breakthrough capacity (BTC) and represent-
ing exhaustive capacity (EC), respectively. The BTP can be cal-
culated according to the time or volume value corresponding 
to the relation value of initial (Cin) and effluent (Cout) adsorbate 
concentrations expressed as Cin/Cout, which was defined and 
reported as 0.5 [42]. It has been shown recently that the BTP 
value can be examined as a cross-section value of two curves, 
obtained from graphic relation of Cout and (Cin – Cout) vs. time or 
volume [43]. The EC occurs in the continuous flow system col-
umn when adsorbent gets fully saturated and Cin = Cout [44,45].

The main objective of the present study was to elucidate 
the possibilities of synthetic zeolite Crystal-Right (CR), pre-
viously exhausted by ammonium ions, to remove ammonia 
from groundwater in dynamic fixed-bed column. After the 
regeneration procedure by NaCl, NaClO or by their mix-
tures, the regenerated zeolite was used in eight consecutive 
tests and ammonia removal was examined. Furthermore, the 
aim of conducted investigation was the enhancement of CR 
media adsorption properties by increasing of acid active sites 
and the determination of the breakthrough, exhaustive and 
specific adsorption capacities toward groundwater ammonia 
of purchased and regenerated CR.

Changes of the CR adsorption properties depending of 
different regeneration modes were proven in this work by 
a new approach of BTC and EC calculation. In addition, 
removal efficiency was also used for CR adsorption capabil-
ities determination.

2. Materials and methods

2.1. Water source, zeolite and activated carbon

The groundwater used in this study originated from 
the Kikinda City waterworks (latitude: 45.8283, longitude 
20.4653) in the Vojvodina Province, Northern Serbia. This 
groundwater is in the use as drinking water and belongs to 
sodium bicarbonate type (Na+ ~200 mg/L), the pH value is 
~8.2 and the intense yellow color is observed as a result of the 
dissolved natural organic matter presence (permanganate 
consumption ~7 mgO2/L). With respect to groundwater pH, 
present water contained mostly NH4

+ form and the composi-
tion of present water along with other physicochemical char-
acteristic was previously reported [46].

The ammonia content in this water always exceed  
2 mg NH4

+–N/L and the average value of 2.24 mg NH4
+–N/L 

is considerably higher than the MAC for ammonium ion of 
0.5 mg/L or 0.39 mg NH4

+–N/L according to Europe Council 
recommendations [19].

Synthetic zeolite, type CR-100 (Water Right, Phillipsburg, 
USA) [47] was used for enhancement of adsorption proper-
ties and monitoring of ammonia removal in a dynamic flow 
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conditions of zeolite fixed-bed column. Sodium aluminos-
ilicate CR-100 is chemically inert, cage-like, tectosilicates in 
which silicon and aluminum atoms are covalently bonded in 
tetrahedral arrangements forming pores and channels that 
permit the non-covalent binding of water and metallic cat-
ions. CR-100 is constituted of solid, granular white-light gray 
crystals with specific gravity at 22°C of 0.686, pore size of 
approximately 100 Å and specific surface area of 147.16 m2/g 
[48]. CR particle size range is presented in Table 1.

Removal of chloramines from CR regeneration wastewater 
was performed with activated carbon (AC), type Silicarbon 
K-835 (Silcarbon Aktivkohle GmbH, Kirchhundem, Germany). 
AC is granulated with density of 500 ± 25 kg/m3, iodine 
number 1,050 mg/g and specific surface area of 1,100 m2/g. AC 
particle size range was 0.7–1.5 mm.

2.2. Analyses

Investigated groundwater and effluents ammonia 
concentrations were determined by standard analytical Nessler 
method using spectrophotometer Hanna C-200 (Hanna 
instruments, Woonsocket, USA). The method for ammonium 
nitrogen determination is based upon addition of 1 mL of 
the potassium sodium tartrate solution into 10 mL of sample 
improves the color quality and reduces the susceptibility to inter-
ferences with calcium and magnesium. Addition of 1 mL of the 
Nessler reagent into water sample produces a yellow color that 
is dependent on the NH4

+–N concentration. By monitoring the 
color intensity, the concentration of NH4

+–N was determined 
by absorbance measurement at the wavelength of 425 nm, 
directly displayed as mg/L of NH4

+–N. Spectrophotometer 
zero point was adjusted with blank unreacted sample. Hanna 
C-200 instrument measurement range was 0.00 to 10.00 mg/L, 
resolution 0.01 mg/L, ±0.05 mg/L and ±5% of reading. The 
Nessler reagent was prepared by dissolution of 70.00 g KI, 
100.00 g HgI2 and 160 g of NaOH in 1,000 mL of deionized water 
and packed under code HI-93715B-0. Potassium sodium tar-
trate solution (0.15 mol/L) was prepared by dissolution of 350 g 
of KNa tartrate into 1,000 mL of deionized water and coded as 
HI-93715A-0. The instrument directly displays concentrations 
in mg/L of ammonia nitrogen and thus all the experimentally 
measured values of inlet water and effluents were presented 
in mg NH4

+–N/L. All presented results of groundwater and 
effluents were the mean values of three repetitions.

2.3. Pilot plant adsorption experiments, regeneration 
and wastewater treatment

Dynamic fixed-bed experiments were performed in a 
composite column (structural composite pressure vessel 

Q-0844 with top opening) and its volume was 38 L. Column 
also contained a central tube with down distributor of 
200 µm fineness as well as a manually controlled four posi-
tion valve (model 2750, Fleck Ltd., Milwaukee, USA) with up 
distributor of 200 µm fineness. During the investigations, the 
control valve enabled four operations which include service 
flow rate, backwash, brine/slow rinse and fast rinse as well. 
Backwash of purchased CR is the best way for removal of 
air from the system, bedding in the media and flushing the 
system through.

The experimental column was filled with 13,771 g of dry 
weight CR originated from producer’s package. Continuous 
flow rate meter and total effluent quantity meter were 
installed at the effluent outlet pipe line. Schematic presen-
tation of the experimental apparatus is shown in Fig. 1. The 
waterworks water was distributed through suspended solids 
particle protective 5 µm polypropylene filter cartridge and 
then fed into the pilot plant downstream. Effluent samples 
were regularly collected and analyzed for ammonia concen-
tration. Total passed effluent volume and water flow were 
recorded during the experiment. All dynamic sorption exper-
iments were carried out at 20°C ± 1°C. Adsorption process 
was stopped when effluent ammonia concentrations were 
approximately equal to the influent ammonia concentration 
(in the period of the CR exhaustion). Experimental operating 
data of the pilot plant are shown in Table 1.

CR regeneration process was performed using NaCl 
and NaClO, separately or using their mixtures. In the cases 
when NaCl was used as regenerant, the regeneration pro-
cess was established in simple ion-exchange mechanism 

Table 1
Fixed-bed column operating conditions

Water pressure (bar) 3.0 ± 0.2
Water flow (L/h) 300 ± 10
Water flow rate (m/h) 8.82 ± 0.3
Diameter/length of column (mm) 203/1,118
Internal column cross-section surface (m2) 0.034
Zeolite particle size range (mm) 0.3–2.4

Fig. 1. Schematic description of zeolite fixed-bed pilot plant: 
1 – Protective micro filter of 5 µm; 2 – Inlet water sampling tap; 
2’ – Effluent water sampling tap; 2’’ – Regeneration effluent 
sampling tap; 3 – Flow meter; 4 – Adjustable valve; 5 – Water 
meter; 6 – CR fixed bed control valve; 6’ – AC absorber control 
valve; 7 – CR packed column; 8 – Brine tank; 9 – Pick up tube 
with air check; 10 – AC packed column.
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and ammonium ions were exchanged with equivalent 
amounts of sodium ions. Differently from NaCl, the action 
of NaClO toward ammonia was oxidation to different prod-
ucts mostly represented by chloramines, most frequently by 
monochloramines [49–51].

Investigated groundwater ammonia adsorption processes 
(AP) and corresponding ammonia adsorption curves 
on the original CR (O) and the resulting CR regenerated 
consecutively for eight times by different chemicals and/
or chemical mixtures were examined. In detail, experiments 
started with adsorption on the original CR (AP A). Adsorption 
process A was conducted until CR was exhausted. CR was 
then regenerated using regeneration mode (RGM) A. Every 
following experiment was conducted using the CR from pre-
vious experiment after the regeneration by chemicals listed in 
Table 2. Regeneration mode expressed via R (A–H) presents CR 
regeneration with regard to the AP. For example, in the regen-
eration mode R (A) saturated CR obtained after the adsorption 
process A was used. In every subsequent RGMs, R (B–H), CR 
obtained from previous test was regenerated and then used for 
next adsorption trial. The list of used chemicals, their mixtures, 
amounts of each regenerant (RA), specific regenerant loads (RC) 
and specific regenerants mixture loads (RCT) are presented in 
Table 2. The operation steps conducted during regeneration 
of exhausted CR with each regenerant separately and their 
mixtures are described in Table 3. In the cases of regeneration 
with NaCl and NaClO as single regenerant (RGMs R (A–C)), 
steps 2, 3 and 5, respectively were not performed.

Chloramines originated by CR media regeneration are 
disinfectants of low molecular weight in form of neutral 
vapor. They posse characteristic intense smelt and need 
to be eliminated or neutralized in CR media regeneration 

wastewater before its discharge in sewage installation. There 
are some methods for chloramines neutralizing of which the 
AC adsorption is most effective one [50]. In the processes in 
which NaClO was used as the regenerant, either alone or in 
the mixture with NaCl, the regeneration effluent was treated 
on the AC absorber for neutralization of chloramines prior 
to its discharge. Packed AC column for chloramines removal 
was performed in a composite column (structural composite 
pressure vessel Q-1354). Volume of the vessel with top open-
ing was 103 L. Column also contained a central tube with 
down distributor of 200 µm fineness as well as a manually 
controlled four position valve (model 2850, made by com-
pany Fleck), with up distributor of 200 µm fineness. During 
the process control valve enabled three operations: service 
flow rate, backwash and fast rinse, as well. Physicochemical 
and other processes that could appear in contact of the AC 
with the regeneration effluent were not the scope of this 
investigation, and the absence of specific chloramines smelt 
in wastewater and surrounding air were satisfactory indica-
tor of successful absorber function.

2.4. Determination of CR column ammonia adsorption 
characteristics

Changes of groundwater ammonia adsorption presented 
by measured effluent ammonia concentrations during the 
experiments are shown in the dependence to cumulative 
time (Στ) and number of effluent’s bed volumes (BV), as 
well. In general, the overview of adsorption process kinetics 
toward to the start, breakpoint and final equilibrium stages 
can be presented by shapes of these curves. The determina-
tion of ammonia adsorption characteristics during zeolite 
fixed-bed experiments usually include calculation of sev-
eral parameters such as bed volume and different ammonia 
amounts, which enclose the overall amount that entered in 
the column, the amount that came into contact with the CR, 
the effluent amount and the CR sorbed amount. Total vol-
ume of water that passed through the CR bed was expressed 
as BV. This parameter is a dimensionless quantity which 
expresses the water volume as a multiple of the resin bed 
volume [52] 

BV out CR=V V/  (1)

where Vout (L) is the cumulative volume of effluent passing 
through at the time of sampling; VCR (L) is the CR volume 
which amounted 28 L in all experiments.

Table 3
The CR regeneration procedure

Operation 
step

Operation Duration time 
(min)

1 Backwash 10
2 NaCl sucking 5
3 NaClO sucking 5
4 Pause 20
5 NaCl sucking + slow rinse 55
6 Fast rinse 15

Table 2
Survey of adsorption experiments with original and regener-
ated CR

AP RGM Chemical RA 
(mol)

RC 
(mmol/g)

RCT 
(mmol/g)

A O – – –
B R (A) NaCl 136.75 9.93 9.93
C R (B) NaClO 6.44 0.47 0.47
D R (C) NaClO 12.88 0.94 0.94
E R (D) NaCl 136.75 9.93 10.09

NaClO 2.15 0.16
F R (E) NaCl 136.75 9.93 10.40

NaClO 6.44 0.47
G R (F) NaCl 136.75 9.93 10.87

NaClO 12.88 0.94
H R (G) NaCl 136.75 9.93 11.33

NaClO 19.33 1.40
I R (H) NaCl 273.5 19.86 20.80

NaClO 12.88 0.94

Note: AP, adsorption process; RGM, regeneration mode; RA, amount 
of regenerant; RC, specific regenerant load; RCT, specific regenerants 
mixture load.
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Overall ammonia amount in the total volume of ground-
water that entered in the column during the experiment, Qtotal 
(mg NH4

+–N) was calculated as follows: 

Q V Ctotal total in= ×  (2)

where Vtotal (L) is the total volume of the water treated in 
the experiment; Cin (mg NH4

+–N/L) is the influent ammonia 
concentration.

The ammonia amount that came into contact with the 
CR, Qin (mg NH4

+–N) was based on the measured volume 
of groundwater between two sampling points that passed 
through the bed in real experimental time and was calculated 
as follows:

Q V Cin out in= ×  (3)

The effluent ammonia amount at the each sampling 
point was calculated using Eq. (4) 

Q V Cout out out= ×  (4)

where Qout (mg NH4
+–N) is the ammonia amount 

 determined in the effluent.
The ammonia amount after collecting the effluent vol-

ume in the regard to an instantaneous sample, represented 
the adsorbed ammonia amount onto the CR, was calculated 
as follows: 

Q Q Qads in out= −  (5)

where Qads (mg NH4
+–N) is the adsorbed ammonia amount.

The Qads is a very important parameter for the estimation 
of adsorbent quality toward adsorbate under known and 
controlled conditions, as well as about different regenera-
tion chemicals efficiency. For quantitative presentation of the 
column capacity, values of Qads, Qin and Qout were used and 
ratios of Qads/Qin and Qout/Qin, both vs. BV, Στ and Vout enabled 
simultaneous overview of adsorbed and passed ammonia in 
fixed-bed column, respectively. The relative breakthrough 
capacity (BTCX) and exhausting capacity (ECX) values were 
calculated from the equations Qads/Qin vs. BV, Στ and Vout, as 
explained in Eqs. (6) and (7), respectively 

BTCX
BTP

= × + × + ×∫ ( )
min

α β γX X dX
X

X
2  (6)

ECX = × + × + ×∫ ( )
min

max

α β γX X dX
X

X
2  (7)

where X represents the BV, Στ or Vout and α, β and γ are 
empirically obtained quadratic equation coefficients.

The BTC and EC values for different X-axis units were 
calculated as definite integrals exactly as the limit and sum-
mation of minimum and corresponding values of the BTP and 

extreme values, respectively. The obtained data were found 
as the net areas between a function and the X-axis. The BTCX 
and ECX surfaces are dimensionless relative values of the BTC 
and EC, useful for comparisons between different adsorp-
tion conditions or applied adsorbent regeneration procedure 
effects, in regard to the same chosen X-axis physical unit only.

Values of the BTCX and ECX were normalized to obtain 
the specific adsorption power coefficients (APC), the APC 
breakthrough point (APCBTP) and APC exhausting point 
(APCEP) as shown in Eqs. (8) and (9) 

APC BTCX XBTP = ( )/BTP  (8)

APC ECX XEP = ( )/EP  (9)

where the BTP(X) and EP(X) are values of the BTP and EP in 
the dependence of physical unit shown at X-axis, respectively.

The values of the APCBTP and APCEP can be  comparable 
in different adsorption processes regardless of physical 
unit used for the calculation. Both, the APCBTP and APCEP 
are dimensionless and their numerical values could be 
in the range between 0 and 1. The higher the values of the 
APCBTP and APCEP signify more powerful adsorbent for 
the chosen sorbate. Also, adsorption power is higher if the  
APCBTP > APCEP. In general, if affinity of the adsorbent to 
the sorbate is low and the adsorption process is weak, the 
 intersection of breakthrough curves obtained from graphical 
relation of the ratios of Qads/Qin and Qout/Qin, both vs. BV, Στ 
and Vout, respectively, does not appear and the determination 
of the BTP is disabled.

According to previous calculations, obtained values of 
the APCBTP and APCEP depend on the data used in Eqs. (6)–(9). 
If the obtained APCBTP and APCEP values in the relation to the 
BV, Στ and Vout were similar, respectively, the further appli-
cation of mentioned equations could include only the BV, as 
previously reported [42,43].

Exact values of both, the breakthrough and exhausting 
column capacities, CCBTP and CCEP (mg NH4

+–N), respec-
tively, were calculated using Eqs. (10) and (11)

CCBTP ads

BTP

=
=

=

∑ Q
i

i

( )BTP
1

 (10)

CCEP ads=
=

=

∑Q n
i

i n

( )
1

 (11)

where variable n is the number of sampling points during 
the fixed-bed investigation; the Qads value for i = n is equal to 
the Qads value for the EP.

Fixed-bed data values of the CCBTP and CCEP and their 
relations are experimental results comparable with the calcu-
lated APCs data obtained by the virtue of modeling.

Removal efficiency that was used to present enhance-
ments of synthetic zeolite active sites was calculated using 
Eq. (12).

η = − ×1 100
C
C
out

in

 (12)
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3. Results and discussion

During CR fixed-bed experiments changes of effluent 
ammonia concentration in time throughout the course of the 
experiment represented an essential overview of the adsorp-
tion process kinetics. The graphical description of all experi-
mental points that presented these dependences was shown 
in Fig. 2. As can be seen a very similar experimental point 
layout, and shapes of regression curves, representing the 
BV influence on concentration changes were also obtained. 
Presented experimental data (Figs. 2(a) and (b)) indicated that 
the overall process can be described with three separate parts. 

The first part was characterized by great ammonia adsorption, 
while second part showed sharp increase of effluent concen-
trations and third one was specific to influent ammonia value 
convergence. The duration of these three steps of adsorption 
processes were previously elucidated in similar study and 
obtained values were in congruence with reported results 
[43]. The dissipations of experimental points with regard to 
presented regression curves belonging to the AP A can be 
observed (Fig. 2). The lowest ammonia adsorption and high-
est dissipation of experimental points from regression curve A 
was registered in the case of the RGM R (A) during the AP B.

Fig. 2. Comparison of ammonia effluent concentration changes during time and the BV during the AP A–E (a) and during the AP 
A and AP F–I (b). Changes of adsorbed ammonia concentration values in dependence to the Στ and BV during the AP A–E (c) and 
during the AP A and AP F–I (d). The depicted curves present polynomial regressions of AP A experimental points.
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Regeneration processes conducted by RGMs R (A–C) 
were performed with the use of individual low regener-
ants quantities (Table 2) and obtained results (experimental 
points B–D), respectively, showed inadequate results on the 
CR occupied active sites discharging in comparison with the 
CR (O) (Fig. 2(a)). Significantly better adsorbed ammonia 
removal was gained by the mixture of regenerants (combined 
action of NaCl and NaClO) and a very big accordance of 
experimental points (F–I) can be seen especially with regard 
to the curve A (Fig. 2(b)). Characteristic decreasing trend of 
the curve A and experimental points shown in Figs. 2(c) and 
(d), assigning mirror symmetry toward corresponding curve 
presented in Figs. 2(a) and (b).

During all experiments, values of the Qin, Qout and Qads 
were calculated for the each sampling point using Eqs. (3)–(5), 
respectively. The BTP and EP values were determined from 
the plots Qads/Qin vs. BV and Qout/Qin vs. BV, respectively, and 
represented the breakthrough curves, as previously men-
tioned and shown in Fig. 3. These curves enabled access to 
observation of dynamical changes of Qout increase and Qads 
decrease. In general, obtained experimental points of stated 
relations could be the best fitted to a polynomial regression of 
the second order, in mathematical sense. Cross-points of Qads/
Qin and Qout/Qin vs. BV, Στ and Vout curves, respectively, were 
exactly at value of 0.5 at Y-axis in all three cases, so, all these 
relations promote to breakthrough curves. This means that 
the BTP can be simply determined as corresponding X-axis 
value for physical units of BV, Στ and Vout. The BTP values 
were calculated as an intersection of these curves corre-
sponding pairs. The only exception was in the case of adsorp-
tion procedure B, where it was not possible to define the BTP, 
as shown in Fig. 3(b), and therefore the BTC value could not 
be calculated. The BTP value for original CP was 572.79 BV, 
but in adsorption procedure H and I, according to obtained 
results, just somewhat lower values of 512.89 and 554.32 BV, 
respectively, were obtained, indicating that efficient ammo-
nia removal could be achieved using adequately regener-
ated CR (Table 4). Exhausting points were determined as a 

Fig. 3. Breakthrough curves of ammonia adsorption: on original 
CR obtained during AP A (a) and on differently regenerated CRs 
used in adsorption processes B–E (b) and used in adsorption 
processes F–I (c).

Table 4
The original and regenerated CR fixed-bed column adsorption characteristics

AP A B C D E F G H I

Qtotal
 

(mgNH4
+–N)

63,793 42,598 61,009 61,219 77,706 59,221 61,141 49,347 61,094

R2 0.9463 0.9593 0.9205 0.9048 0.9008 0.9029 0.9481 0.9726 0.9217
BTP (BV) 572.79 – 485.18 478.93 473.96 487.82 509.07 512.89 554.32
BTC 402.51 – 322.36 318.27 270.71 355.01 413.26 387.06 419.18
APCBTP 0.74 – 0.66 0.66 0.57 0.73 0.81 0.75 0.76
CCBTP

 (mg) 26,292 – 21,709 22,242 18,144 23,354 25,717 25,317 27,217
EP (BV) 1,017.11 679.18 972.71 976.07 1,238.93 944.21 974.82 786.79 974.07
EC 488.52 181.91 446.01 417.80 395.36 482.42 502.88 423.05 519.08
APCEP 0.48 0.27 0.46 0.43 0.32 0.51 0.52 0.54 0.53
CCEP

 (mg) 30,779 12,935 28,549 29,213 25,850 28,964 30,871 28,241 31,056
BTC/EC 0.82 – 0.72 0.76 0.68 0.73 0.82 0.91 0.81

Note: AP, adsorption process; Qtotal, overall ammonia amount in the total volume of groundwater that entered in the column during the 
experiment; R2, regression coefficients of breakthrough curves Qads/Qin vs. BV; BTP, breakthrough point; BTC, breakthrough capacity; APCBTP, 
specific adsorption power coefficients breakthrough point; CCBTP, breakthrough column capacities; EP, exhaustive point; EC, exhaustive 
capacity; APCEP, specific adsorption power coefficients exhaustive point; CCEP, exhaustive column capacity.
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Qads/Qin, that is, Qout/Qin points corresponding to the largest 
BV value. At the basis of determined BTP and EP, the BTCX 
and ECX values were calculated using Eqs. (6) and (7), and 
then normalized toward BV according to Eqs. (8) and (9). 
The obtained results of column adsorption parameters are 
presented in Table 4. According to calculations based on the 
applied independent variables (BV, Στ and Vout), the obtained 
APCBTP and APCEP values had a standard deviation of 0.0118. 
Therefore, as mentioned previously further calculations 
included only BV (Eqs. (10) and (11)) [42,43].

The position of experimental points in Figs. 3(b) and (c), 
for each experiment, in comparison with adsorption proce-
dure A (Fig. 3(a)) indicated congruence with Qads of the CR 
(O). More or less similarity of post-regeneration adsorp-
tion processes to the adsorption process on the original CR 
(Figs. 3(a)–(c)) confirmed preliminary hypothesis of different 
regeneration modes effect, defined by concentration plots 
(Fig. 2). More distinct CR restoration column capacity was 
recognized in RGMs R (E–H) as shown in Fig. 3(c), due to the 
facts that the quotients of Qads/Qin, and Qout/Qin, with regard 
to the highest BV values of each experiment, were found to 
amount very near to 0 and 1, respectively, and were similar 
to values shown in Fig. 3(a). The curves of RGMs R (A–D) 
depicted in Fig. 3(b), did not show stated values, except for 
process R (A). Just this example, which demonstrated the 
shorter duration of column adsorption process, denoted that 
the regeneration process could be partially successful but 
improper. The Na+ and NH4

+ were successfully replaced by 
ion-exchange creating deficient number of active sites with 
regard to the original CR. The higher part of adsorbent pores 
remained filled, and the AP B achieved saturation already 
at ~700 BV. More properly defined RGMs showed power of 
selected regenerants emptying adsorbent pores and creat-
ing new active sites. Decreased regeneration results were in 
both cases observed with pure NaCl and NaClO solutions 
separately (AP B–D). Obviously, selected NaCl/NaClO molar 
ratio applied in R (H) ensured parallel ion-exchange and oxi-
dation paths which associated mechanisms brought to excel-
lent regeneration results. Nevertheless, all obtained BTPs 
values for regenerated CR were lower from ~3% to ~21% than 
those found in the original CR.

The exhausting point values depended of the duration 
of each sorption process, until appearance of Cout–Cin. The 
volume of treated water did not influence ECs values, thus, 
representativeness and types of CR active sites probably had 
the leading influence. The interrelationship of corresponding 
BTCs and ECs of ~68% to ~91% indicated that more positions 
of CR active sites were filled, and that the dominant part of 
sorption processes was finished until the BTPs appear. Also, 
as the ratio of BTC/EC was higher, the CCBTP and CCEP values 
were higher as well. The results of calculated column capaci-
ties and APC corresponding to BTP and EP values are shown 
in Fig. 4.

The APCBTP and APCEP for some adsorption processes 
showed better results in comparison to observed APCs for 
the original CR (Table 4). The reason for this was probably 
that high quantities of both regenerants in beneficial ratios 
brought in significant adsorption active sites enhancement. 
Particularly APs G, H and I achieved the highest APCBTP of 
0.81, 0.75 and 0.76 and APCEP of 0.52, 0.54 and 0.53, respec-
tively. These observations indicated stronger bonding 

of ammonia to those CR than the original CR and other 
regenerated CRs (Table 4). The distinct RGM was R (F) with 
the highest APC in BTP of 0.81 and observed results indicated 
that this adsorption process showed the highest ammonia 
adsorption.

Unsatisfactory regeneration effects were expressed partic-
ularly on the RGMs R (B–E) (Fig. 3(b)). The exception was only 
R (A) applied in the AP B, where the lowest adsorption prop-
erties were a consequence of deficiently but properly derived 
CR regeneration. Obviously, the most of ammonia was 
bonded to CR crystalline structure by electrostatic adsorption 
and was successfully removed in strong oxidation process by 
NaClO in engaged regeneration modes R (F–H) (Fig. 3(c)).

The overall CCEP and total amount of regenerants (RAT), 
both expressed in moles for each RGM showed the huge 
regenerants quantity to which adsorbed NH4

+ were exposed 
during the all applied regeneration processes. This is clearly 
visible from the molar ratio values of RAT/CCEP showed in 
Table 5. Obtained molar ratios demonstrated that in all 
investigated CR regeneration modes, regenerants were not 
added in stoichiometrically equivalent quantity, but in high 
excess as already reported by Deng [53]. The multiple quan-
tity of NaCl obviously was not sufficient to exchange NH4

+ 

Fig. 4. Survey of established adsorption properties corresponding 
to the calculated breakthrough and exhausting points of different 
ammonia adsorption processes on the original and regenerated 
synthetic zeolite CR: column capacities (a) and adsorption power 
coefficients (b).
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and Na+ in RGM R (A). Interactions between NaClO alone 
and exhausted CR during RGMs R (B and C) also resulted 
in unsatisfactory regeneration. Only different combinations 
of NaCl and NaClO successfully regenerated exhausted CR 
and enhanced its adsorption properties. The best results of 
CR adsorption properties enhancement were obtained in 
the RGMs R (F–H), which were conducted using mixture 
of NaCl and NaClO in molar ratios of 10.62:1, 7.07:1 and 
21.24:1, respectively. These facts are a consequence of NaCl 
and NaClO conjunct activities toward activation of diva-
lent and trivalent CR media sites. Ammonia ions affects 
only monovalent active sites of the original CR and only 
NaCl regenerated CR as well, which contain Na+ exchange-
able ions [1]. In the presence of NaClO, hydrogen ions as a 
product of hydrolysis process took place at polyvalent CR 
sites. The Na+ from NaCl can also displace hydrogen ions by 
increasing the available surface for ammonia adsorption in 
the next adsorption experiment. Hence, the axiom that Na+ 
from NaClO did not significantly affected the exhausted CR 
regeneration or adsorption properties enhancement was 
proven during R (B) and R (C). Effects of NaCl sodium ions 
exchange with ammonia ions were expressed only in exper-
iments, where NaClO was in sufficient excess to provide 
new polyvalent active sites consisting of hydrogen ions. 
The obtained results confirmed previous investigations of 
aluminosilicate zeolites acid sites nature [54,55]. Hence, as 
a consequence of substitution product of neutral charged 
silicon atoms in tetrahedral positions with aluminum 
atoms “–1” charge occurred. Originated negative frame-
work charges were balanced by hydroxyl protons or extra 
framework metal cations forming strong Brønsted acid 
sites and weak Lewis acid sites, respectively. These formed 
active sites were responsible for catalytic activity of the CR 
media which was approved by enhanced specific adsorp-
tion capacity. In the same time, other parallel chemical reac-
tions took place. It is supposed that atomic oxygen oxidized 
some amount of adsorbed dissolved organics traces, and 
obtained gaseous chlorine created chloramines in reaction 
with ammonia. All these physicochemical processes and 
chemical reactions contributed to amplification of the CR 
media possibilities for ammonia adsorption.

Influence of cumulative time on removal efficiency for 
all adsorption processes is given in Fig. 5. As can be seen in 
Fig. 5(a) native CR had the highest removal efficiency at the 
start of adsorption process for approximately 32 h, where η 
was in the range of 85%–95%. AP B showed the lowest removal 
efficiency which was also confirmed with the lowest APCEP 
and CCEP values presented in Table 4. AP C–E had lower val-
ues of η than original CR almost throughout all experimen-
tal time with the exception at the end of adsorption process. 
Considering low values of removal efficiency at this point 
of approximately 10%–20% it can be concluded that no sig-
nificant changes were made on zeolite active sites. Obtained 
data for AP G, H and I (Fig. 5(b)) proved that usage of optimal 
regeneration chemicals mixture can be used for enhancement 
of zeolite active sites, especially in the zone of zeolites largest 
adsorptive power, at the beginning of adsorption process until 
~40 h, with regard to original zeolite. When Cin value is taken 
into consideration, removal efficiency needs to be <85.60% in 
order to achieve MAC of 0.39 NH4

+–N/L. This value is achieved 
precisely in above stated time range in AP G, H and I.

4. Conclusions

The novelty of presented work was the enhancement of 
adsorption characteristics in regenerated synthetic zeolites 
by creation of both NH4

+ and H+ active sites, and the new 
approach to the adsorbed ammonia amount calculation. 
Obtained breakthrough points, enabled determination of the 
capacity values which were normalized to the BV and specific 
APC were established. The emphasis of present work was on 
the creation of new proton active sites due to the oxidation 
power of NaClO in conjunction with ion-exchange caused by 
NaCl, which were partially contributed to active sites moi-
ety together with Na+ ions. Furthermore, the use of natural 
groundwater enabled the occupation of zeolite active sites by 
NH4

+ and other ions. Therefore, the obtained enhancement 
of adsorption characteristics in regenerated synthetic zeolites 
enables effective ammonia removal.

Table 5
The molar ratio of total regenerants and adsorbed ammonia 
amounts

RGM RAT (mol) RAT/CCEP

R (A) 136.75 231.19
R (B) 6.44 32.85
R (C) 12.88 28.44
R (D) 138.90 287.80
R (E) 143.19 280.06
R (F) 149.63 312.85
R (G) 156.08 261.31
R (H) 286.38 191.84

Note: RGM, regeneration mode; RAT, total amount of regenerants; 
CCEP, exhaustive column capacity.

Fig. 5. Effect of overall process duration on adsorption processes 
removal efficiency (a) AP A-E; (b) AP A, F-I. 
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Investigated ion-exchange and adsorption processes 
of ammonium ions onto different CR media showed sig-
nificant influence of NaClO high molar excess on adsorp-
tion properties enhancement. Different breakthrough and 
exhaustive point values associated with particular CR 
regeneration modes presented significant demonstration of 
wide zeolite possibilities to create newly differently consti-
tuted specific active sites with regard to native CR. During 
the regeneration processes, Na+ originated from NaCl were 
exchanged with bonded NH4

+ and hydrogen ions origi-
nated from Na-hypochlorite hydrolyses were exchanged 
with NH4

+ to previously bonded ammonium monovalent 
sites and occupied other polyvalent CR active sites enabling 
adsorption area ready for NH4

+ in the next adsorption cycle. 
During Na-hypochlorite presence in the regeneration solu-
tion new redistribution of active sites was observed. During 
CR regeneration active sites which bonded ammonium ion 
were exchanged with both Na+ and H+ cations, different at 
every NaCl–Na-hypochlorite ratio. Total sites number is 
approximately constant and only ratio between Na+ and 
H+ was changed. The BTP values dependence of different 
RGMs was established as a mathematical approach for cal-
culations of the CCBTP as a dominant part of each investi-
gated adsorption process. Due to described phenomena of 
protons bonding to zeolite’s oxygen bridges, BPCs and ECs 
of investigated synthetic zeolite fixed-bed column capacity 
toward NH4

+ was enhanced with regard to the original CR. 
Established APCs in BTP and EP as a simple way for the 
comparison of column capacity magnitude with regard to 
the RGMs were in good congruence with experimentally 
obtained data for total adsorbed ammonia. Better ammonia 
bonding onto regenerated CRs was observed during adsorp-
tion processes G, H and I than the original CR and other 
regenerated CRs. This was evidenced by the highest APCBTP 
of 0.81, 0.75 and 0.76 and APCEP of 0.52, 0.54 and 0.53, in 
AP G, H and I, respectively. Larger part of ammonia was 
bonded to CR crystalline structure by electrostatic adsorp-
tion and was successfully eliminated in strong oxidation 
process by NaClO in engaged regeneration modes R (F–H). 
The best results of CR adsorption properties enhancement 
were obtained in the RGMs R (F–H), which were conducted 
using mixture of NaCl and NaClO in molar ratios of 10.62:1, 
7.07:1 and 21.24:1, respectively. These facts are a conse-
quence of NaCl and NaClO conjunct activities toward acti-
vation of divalent and trivalent CR media sites. In addition, 
adsorption processes G, H and I presented better removal 
efficiency than other adsorption processes. Ammonia 
removal efficiency was higher in three adsorption processes 
that were conducted with regenerated zeolite than removal 
efficiency obtained with native non- regenerated zeolite. The 
obtained results showed that the right selection of regen-
erants and regeneration conditions enabled the significant 
enhancement of synthetic zeolite adsorption properties, as 
well as their possible applications.
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