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Abstract

Human urine can be used as fertilizer due to its rich nutrient content. lon exchange/adsorption is
one successful method for recovery of nitrogen and phosphorus from human urine using an
indirect route. Although this process can be applied in batch or continuous modes, majority of the
work reported employs batch operation. This paper aims to present a comparison of the two modes
focusing on system dimensions and costs. The results of the study showed that column dimensions
including column diameter, bed/column heights for continuous system are smaller than their batch
counterparts. The investment cost was calculated as an average of 2500 USD for a household
accommodating 4 people, including two urine diverting toilets, two 100 L urine storage tank, an
ion exchange/adsorption column, a pump and piping for both operating modes. Operating costs
were calculated taking the cost of clinoptilolite, electricity and chemicals into consideration, which
had given 6-12 USD/100 L urine for the batch and 3-3.5 USD/100 L urine for continuous systems.
In conclusion, continuous mode of operation for nutrient removal from human urine through
processing with clinoptilolite yielded smaller system dimensions and lower operation costs.
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INTRODUCTION

Containing over 80% of nitrogen and over 50% of phosphorus in conventional domestic
wastewater, human urine is a potential and renewable source of fertilizers. Human urine can be
applied onto soil as fertilizer either directly or indirectly. Storage is recommended for hygienic
safety prior to direct application (Hoglund, 2001; WHO 2006), mostly accompanied by dilution to
alleviate salinity hazard, if applicable (Beler Baykal and Bayram, 2005; Beler Baykal et al., 2011;
Kocaturk and Beler Baykal, 2012). Processing of urine prior to indirect application is necessary.
The most common processes used are struvite precipitation, stripping/absorption, and ion exchange/
adsorption. A phosphorus-rich fertilizer is produced in struvite precipitation and a nitrogen fertilizer
through stripping/absorption (Beler Baykal and Dogan, 2016). Examples of struvite precipitation in
literature include Kabdasli et al. (2006), Wilsenach et al. (2007), Ganrot et al. (2007, 2008), Tilley
et al. (2008), Dogan (2015) and stripping/absorption Basakcilardan-Kabakci et al. (2006), Dogan
(2015).

Although ion exchange/adsorption is used in some pieces of work for removal of phosphorus only
as exemplified by O’Neal and Boyer (2013, 2015), it is the successful method of recovering both
nitrogen and phosphorus simultaneously for further use when the natural zeolite clinoptilolite is
employed as the ion exchanger/adsorbent. In this case, both nitrogen and phosphorus in urine are
transferred onto clinoptilolite, to be subsequently made available to plants through desorption upon



contact with water either through irrigation or precipitation (Beler Baykal et al., 2004, 2009, 2011,
Kocaturk and Beler Baykal, 2012; Allar and Beler Baykal, 2013, 2015).

Successful results were obtained with nutrient enriched clinoptilolite (exhausted clinoptilolite)
produced from indirect use of human urine through the ion exchange/adsorption process. When this
product was applied onto different plants, equivalent or higher yields as compared to synthetic
fertilizers were achieved (Beler Baykal et al., 2011; Kocaturk and Beler Baykal, 2012; Allar, 2015).
In a previous publication by Allar and Beler Baykal (2016), it was reported that the amount of
exhausted clinoptilolite produced as fertilizer from urine coming from a housing site was self-
sufficient and without excess for that small community and processing could be done at a
reasonable cost.

A search into the existing literature on the subject matter reveals that most of the papers refer to
batch-wise contacting for loading nitrogen and phosphorus purpose onto clinoptilolite (Beler
Baykal et al., 2004, 2009, 2011; Kocaturk and Beler Baykal, 2012; Allar and Beler Baykal, 2013,
2015), although there exists the option of continuous operation. In another paper by Allar Emek and
Beler Baykal (2016), it was demonstrated that as opposed to the advantage of batch contact from
the perspective of higher removal efficiencies and lower concentrations remaining in the liquid
residue, continuous operation may be preferred because of faster exhaustion/operation times and
higher surface concentrations meaning unit mass of clinoptilolite would remove higher amounts of
nutrients from urine. Considering these features of the two modes of contact and the impact of costs
on final process selection, the aim of this paper was set as an effort of comparison between the two
different modes of contact with specific emphasis on the determination of column dimensions and
cost estimates. An analysis of the production cost using the suggested route, and a comparison with
current market prices is also included together with an estimate of investment costs.

MATERIAL AND METHODS

The analysis and calculations presented in this paper are based on the experimental data presented
by Allar Emek and Beler Baykal (2016). In those experiments, source separated human urine stored
for at least two months was used to assure that hydrolysis of urea was completed. This was done to
provide nitrogen in the form of ammonium to ensure that nitrogen is in the ionic form to allow
highest possible removal through ion exchange. The clinoptilolite, a natural zeolite which is also
used as soil conditioner, employed in this work was from Gordes region of Turkey. It was
preconditioned with sodium chloride to produce the sodium form which is known to be the form
with highest surface capacity. The particle size used was 1-2 mm and the bulk density calculated
from column experiments was 0.6327 g/cm®.

Initial ammonium loading for batch systems (Beler Baykal et al., 2009) and empty bed contact time
for continuous systems (Droste, 1997; Inan, 2001) are the main parameters under these conditions.
Therefore, various initial loadings between 10-40 mg ammonium/g clinoptilolite and contact times
between 30-120 minutes were tested by Allar Emek and Beler Baykal (2016).

For the analysis and calculations in this work, the typical concentration of urine was taken as 7500
mg NH,/L based on the range 5700-10620 mg/L, from data generated by this research group using
numerous urine samples (Beler Baykal and Bayram, 2005; Beler Baykal et al., 2009, 2011;
Kocaturk and Beler Baykal, 2012; Allar and Beler Baykal, 2015). As an average, one person is
expected to excrete 1.5 L urine/day. In this work, it was postulated that 1 L of this could separately
be collected for further processing.



All calculations in this work were based upon the amount of nitrogen recovered. Surface capacities
of clinoptilolite were taken as 7.2-19.4 mg NH4-N/g clinoptilolite for batch and 26-30 mg NH4-N/g
clinoptilolite for continuous systems as reported by Allar Emek and Beler Baykal (2016). These
values were used to calculate the total zeolite requirement, column dimensions including volume,
diameter and bed/column heights, and costs. Values were all reported taking unit urine volume and
population as basis. Since 1 L/day was taken as the amount to be collected from one person for
processing, urine volume and population values coincide.

Clinoptilolite requirement was calculated from
i) the mass of nutrients excreted by one person, using ammonium concentration in urine and
urine volume, and
i) each initial ammonium loading adopted for the batch mode, or from actual surface
ammonium concentrations observed at each contact time in the continuous mode.

Bed volumes were determined from clinoptilolite requirement and the bulk density of clinoptilolite.
Possible combinations of column diameters and bed heights were calculated using the bed volumes
and the minimum ratio of ¥ for diameter/bed height. Finally, column heights were determined as
1.5 times that of bed heights.

Investment cost was calculated taking two urine diverting toilets per household serving four people,
piping, two storage tanks, clinoptilolite column and pump into consideration. Operational costs for
processing of 100 L of urine were calculated taking expenditures for clinoptilolite, power and
chemicals into account.

RESULTS AND DISCUSSION

Taking into account, the advantages/disadvantages of batch versus continuous modes of contact
(Allar Emek and Beler Baykal, 2016) and the impact of costs on final process selection, this paper
was intended as an effort to compare the two different modes of contact focusing on column
dimensions as significant determinants of cost together with cost estimates.

First, clinoptilolite requirement under different types of operation were determined. The results of
calculations are shown in Figure 1 for batch and continuous loading modes. As can be seen from the
figure, and as can also be expected from the surface capacities used for the calculations,
clinoptilolite requirement was higher for batch operation as compared to the continuous mode.
Clinoptilolite requirement ranged between 20-75 kg for batch operation as opposed to 20-25 kg for
continuous operation for 100 L of urine, reaching a threefold difference in favor of continuous
operation.

Bed volumes calculated using the bulk density together with column heights/diameters as
dimensions are shown in Figure 2 for batch and continuous loading modes. The higher clinoptilolite
requirement observed for batch operation as compared to the continuous mode also reflected onto
bed volumes, column heights and diameters as larger dimensions, as expected. The calculated bed
volumes were 30-120 L for batch and 30-40 L for continuous operation.

Using these bed volumes calculated, possible configurations of columns in terms of column
diameters and bed/column heights were also determined. Column diameters were 22-32 c¢cm, bed
heights were in the band of 80-148 cm, and column heights 120-222 cm for batch systems as
opposed to 22 cm, 82-105 cm and 123-158 cm in their continuous counterparts for 100 L urine,
indicating the advantage of continuous operation.
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Figure 1. Clinoptilolite requirement for batch and continuous operation

Through a survey of Figures 1 and 2, overall, it may be observed that contact time based variations
in continuous operation is less pronounced as compared to large variations in initial loading based
batch operation both from the perspective of the amount of clinoptilolite required and for
dimensions including column volume, height and diameter.

Investment cost was calculated as 2500 USD per household which was assumed to accommodate 4
people, including two urine diverting toilets, two 100 L urine tanks, one for collection and one for
storage, ion exchange/adsorption column, pump and piping for both operating modes. The
breakdown of prices are given in Table 1.
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Figure 2. Column dimensions for batch and continuous operation



Table 1. Investment cost for one housing unit

$
Urine diverting toilet 1745
Piping 30
Tanks 40
Column 514
Pump 171
Total cost 2500

Operating costs were calculated taking the cost of clinoptilolite, electricity and chemicals into
account, which had given 6-12 USD/100 L urine for batch and 3-3.5 USD/100 L urine for
continuous systems as shown in Table 2 and Figure 3. Similar to clinoptilolite requirement,
variability in the operation cost is more obvious for batch operation as compared to the continuous
one. In addition to the amount of clinoptilolite to be used, costs were closely dependent upon
operation times, which were two days for the batch system and maximum 10 hours for the
continuous one, which in turn had implications on the cost of electricity.

Based upon the foregoing discussion, 1 kg of nitrogen produced via the suggested route to be used
as fertilizer is estimated to cost 5.6 USD as an average. A survey of market prices for composite
fertilizers reveals that the expected cost for 1 kg of nitrogen to be between 2-11 USD. A comparison
with this value shows that the production cost for nutrient loaded clinoptilolite is reasonable,
especially when combined with the fact that clinoptilolite itself is also widely applied for
agricultural/landscape purposes as a commonly used soil conditioner. Additionally, nutrient
enriched clinoptilolite provides phosphorus in addition to nitrogen which was taken as the basis of
this analysis.

Table 2. Operating costs for batch and continuous mode
Clinoptilolite cost, Electricity cost, Chemical cost, Total cost,

$ $ $ $
10 mg/g 7.50 12.1
15 mg/g 5.00 9.6
5 @ 20 mg/g 3.75 8.4
< ‘é 25 mglg 3.00 3.88 0.73 7.6
30 mg/g 2.50 7.1
40 mg/g 1.88 6.5
50 mg/g 1.50 6.1
@ 30 min 2.25 0.11 3.1
S8  65min 2.49 0.27 35
F=S _ 0.73
£ £ 90min 1.95 0.43 3.1
@)

120 min 2.07 0.53 3.3
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Figure 3. Operation costs for various batch and continuous operation modes

CONCLUSIONS

Nitrogen and phosphorus in source separated human urine to be used further as fertilizer is a
significant renewable source which should not be wasted. Hence, recovery of nutrients from urine is
a promising practice from the perspective of sustainability. As opposed to phosphorus recovery only
through struvite precipitation and nitrogen recovery only from stripping/absorption processes,
processing urine with the natural zeolite clinoptilolite via ion exchange/adsorption leads to the
recovery of both nitrogen and phosphorus simultaneously in one single process. Contacting in ion
exchange/adsorption can be provided either through batch-wise or continuous modes. Due to higher
surface capacities achieved with continuous systems, clinoptilolite requirement and column
dimensions in such systems are smaller as compared to batch operation. This leads to lower
operating costs in continuous mode making it preferable over batch systems. Production cost of
fertilizers via the suggested route seems reasonable.
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