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A B S T R A C T   

The efficiencies of removing or recovering nitrogen and phosphorus in widely implemented small-scale tubular 
anaerobic digesters are not well understood, as the technology is primarily promoted for its recovery of energy, 
not nutrients. The purpose of this study was to use nutrient mass balances to assess the fate of nitrogen and 
phosphorus in two tubular anaerobic digesters, specifically designed to digest animal manure, that were inte
grated with a conical batch reactor to precipitate struvite (MgNH4PO4) from the digester effluent. The field study 
showed that locally available products, bittern and soda ash, can be used as a magnesium source and for pH 
adjustment (respectively) in the struvite precipitation reactor. Results from the mass balances showed that PO4

3�

and NH4
þ were released from the manure during anaerobic digestion, increasing the concentrations of PO4

3� and 
NH4
þ in the liquid phase (by 130% and 120%, respectively). Despite this increase in liquid-phase concentrations, 

average removals were 25% for total phosphorus and 4% for total nitrogen via sedimentation in the digesters. 
The digesters also removed an average of 87% of total suspended solids and 84% of chemical oxygen demand 
from the influent waste stream. During struvite precipitation, an average of 79% of PO4

3� –P and 14% of NH4
þ-N 

was removed from the digester effluent. Harvested precipitate comprised (by mass) 9.9% Mg, 2.4% N, and 12.8% 
P, consistent with struvite formation. The treatment system offers dual benefits: improved sanitation and re
covery of nutrients as a fertilizer that may also indirectly reduce surface water and groundwater degradation. 
Quantifying nutrient recovery from small-farm-generated agricultural waste and understanding recovery 
mechanisms can improve environmental management and facilitate progress toward the achievement of multiple 
Sustainable Development Goals by improving sanitation, promoting sustainable management of wastes and 
natural resources, improving food security, and supporting the ecological restoration of local agroecosystems.   

1. Introduction 

The United Nations Sustainable Development Goal (SDG) 6 contains 
specific targets that include providing access to adequate and safe 
sanitation for all, increasing recycling and safe water reuse, and 
improving water quality by reducing water pollution (UN, 2018). 
Consistent with this and other SDGs, a developing paradigm in man
aging wastewater is that wastewater contains recoverable valuable re
sources such as nutrients, energy, and water (Guest et al., 2009; Ren and 
Umble, 2016; Orner and Mihelcic, 2018). This resource recovery para
digm can fulfill multiple SDGs related to sustainable management of 
wastes and natural resources, while improving food security through 
increased productivity from community agriculture practices that also 

support local ecosystems (Zhang et al., 2016; Orner et al., 2017). 
However, resource recovery from agricultural waste may be chal

lenging in the many parts of the world for which such waste is typically 
not treated before disposal. For example, in China, 90% of manure was 
not treated before land application (Wang, 2003); similarly, of 93,000 
farms in Costa Rica (the location of this study), 79,000 have no treat
ment of their agricultural waste (Costa Rica Ministerio de Ambiente y 
Energía, 2015). This is important not only in terms of resource recovery, 
but also because absence of appropriate management of agricultural 
waste can lead to public health issues, eutrophication of surface waters, 
and greenhouse gas emissions. 

Opportunities exist to recover nutrients, energy, and water from 
agricultural waste utilizing tubular anaerobic digesters. The potential 
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impact of such recovery is considerable given that over 48 million di
gesters are estimated to be implemented worldwide (Bruun et al., 2014). 
In particular, tubular anaerobic digesters produce a biogas that can be 
directly used for producing electricity, heat, and cooking fuel. Further
more, if pathogens in the agricultural waste are inactivated during 
digestion, the accumulated biosolids can be used as a soil amendment or 
as compost optimization agents (Camacho-C�espedes et al., 2018), and 
the nutrient-rich liquid effluent leaving the anaerobic digester can be 
land-applied (Pognani et al., 2012; Stoknes et al., 2016). This is bene
ficial for plants, which prefer mineralized forms of nitrogen and phos
phorus rather than the organic forms found in raw manure (Moser, 
1998). However, land application systems can be overloaded during rain 
events, resulting in runoff of ammonium and phosphate to water bodies. 
Therefore, recovering ammonia and phosphate in the form of a 
slow-release fertilizer would both recover a beneficial product that can 
support food security and reduce nutrient pollution directly from the 
digester. Unfortunately, the efficiencies of removing or recovering ni
trogen and phosphorus in tubular anaerobic digesters are not well un
derstood, as the technology is primarily promoted for its recovery of 
energy, not nutrients. Some nitrogen and phosphorus can be removed 
from the influent stream via transfer to the solid phase (sludge), but the 
rates of nutrient transfer are not well understood (Kinyua et al., 2016). 
Amini et al. (2017) measured no decrease in total nitrogen and a 43% 
decrease of total phosphorus in the liquid phase in a 30-L pilot scale 
digester. Neither of these two studies constructed mass balances to 
determine material flows of nitrogen or phosphorus. Therefore, tubular 
anaerobic digesters offer benefits of biogas production and mineraliza
tion of nutrients, but the fate of N and P in these systems is, for the most 
part, not understood. 

One technology that has been used to recover nutrients from 
anaerobic digester effluent (digestate) is the precipitation of struvite 
(MgNH4PO4) (Battistoni et al., 2000; Doyle and Parsons, 2002). Tar
geted waste streams generally contain relatively high concentrations of 
ammonium and phosphate, in which case magnesium is the limiting 
reagent for struvite precipitation; thus, magnesium is added to obtain a 
1:1:1 M ratio of Mg:N:P. The technology is able to produce a commercial 
struvite fertilizer from digestate at several large-scale wastewater 
treatment plants (Ostara, 2018). However, existing struvite precipita
tion technologies (Celen and Turker, 2001; Munch and Barr, 2001; 
Ostara, 2018) using an influent of digestate require electricity and 
equipment that may not be appropriate for small rural farms in low- and 
middle-income countries. Therefore, the potential for struvite precipi
tation from anaerobic digestion in rural agricultural settings is, as yet, 
untested. 

The recovery of ammonium and phosphate from struvite precipita
tion has been studied in several other source streams including human 
urine (Ishii and Boyer, 2015), landfill leachate (Huang et al., 2014), 
industrial wastewater (Matynia et al., 2013), and swine wastewater (Liu 
et al., 2011). Previously, Etter et al. (2011) developed a low-cost struvite 
reactor design for human urine influent, but the design has yet to be 
tested for other influents such as digestate. It has thus not yet been 
determined if the nitrogen and phosphorus exiting a tubular digester can 
be recovered through struvite precipitation using low-cost, locally 
available materials without the input of electricity. Such a technology 
would allow farmers to self-sufficiently produce a slow-release, 
nutrient-rich fertilizer that has similar properties to conventional syn
thetic fertilizer (Ahmed et al., 2006) and also reduce nutrient inputs to 
surface waters and groundwater. 

Therefore, the overall goal of this study was to determine the 
nutrient recovery potential of tubular anaerobic digesters that are in
tegrated with a locally produced pilot-scale struvite precipitation 
reactor. The three specific objectives were to: 1) quantify the efficiency 
of nutrient removal in two tubular digesters that receive agricultural 
waste by conducting mass balances for nitrogen and phosphorus, 2) 
quantitatively estimate the rate of solids digestion in the two tubular 
digesters, and 3) construct a low-cost, locally produced pilot-scale 

struvite precipitation reactor that receives effluent from the two 
tubular digesters, and assess the efficiency of nitrogen and phosphorus 
recovery of the precipitation process. Improving environmental man
agement of agricultural waste through an integrated resource recovery 
system could provide multiple benefits to a community: improved 
sanitation, removal of nutrient loading to the environment to reduce 
eutrophication risks, and recovery of struvite as a potential fertilizer to 
support local food security. 

2. Materials and methods 

2.1. Site description 

The study took place in the rural Costa Rican community of San Luis 
de Monteverde, a community of approximately 500 people who pri
marily work in agriculture and tourism. Farmers raise chickens, swine, 
and dairy cows and grow coffee, fruit, vegetables, and some medicinal 
plants. In Costa Rica, discharge of agricultural wastes has directly led to 
higher levels of bacteria and nutrients in surface waters (Shahady and 
Boniface, 2018). 

The University of Georgia-Costa Rica (UGA-CR) maintains a working 
farm that allows for testing of treatment technologies to reduce the 
impacts of agricultural wastes. The system for managing farm waste, 
shown in Fig. 1, includes the treatment of feces from an average of eight 
dairy cows milked twice per day and eight swine of different ages using 
two digesters. Each morning, a maintenance worker opens several 
valves to drain swine waste by gravity into the two digesters. Then the 
worker uses a water hose to sluice any remaining large fecal matter to 
the digesters. Fecal matter from dairy cows is sluiced into digester #1. 

The operating parameters of the two digesters are shown in Table 1. 
The flow into digester #1 is greater than digester #2 because higher 
volumes of water are used during and after milking of dairy cows. Prior 
to the construction and implementation of the struvite precipitation 
reactor, the effluent from both digesters flowed by gravity to four stor
age lagoons, the last of which held tilapia grown for aquaculture. 
Discharge from the aquaculture lagoon flows out a discharge pipe into a 
nearby field. Because digester effluent is known to be rich in NH4

þ and 
PO4

3� , a key part of this study was the construction and assessment of a 
pilot-scale struvite precipitation reactor to manage the digester effluent 
before discharge (as shown in Fig. 1), thereby lowering the eutrophi
cation risk while simultaneously recovering valuable nutrients that can 
potentially be used as fertilizer. 

2.2. Construction and operation of struvite reactor 

A 200-L struvite precipitation reactor was constructed for this study 
based on a previous design used for the precipitation of struvite from 
human urine (Etter et al., 2011). Goals were to use appropriate materials 
and to provide beneficial resources for local farmers. The cost of the 
materials of the galvanized metal reactor was approximately US $660. 
The reactor was operated in batch mode seven times between July and 
October 2018. The digester effluent was received in a newly constructed 
storage container (covered with a cloth filter cover to reduce solids from 
entering) before the liquid was manually poured into the struvite pre
cipitation reactor. Although up to 200 L of digester effluent could be 
processed for each batch, each batch typically contained 50 L due to 
practical considerations of the study, such as lifting and taking 
measurements. 

Inducing the precipitation of struvite requires the addition of mag
nesium and a base. Therefore, 100 mL of bittern, a liquid byproduct from 
salt production (17 g/L Mg, 11 g/L K, 29 g/L Na, 13 g/L S), was added to 
provide sufficient magnesium. The bittern was obtained from a salt 
production facility located approximately 60 km away from the study 
location. Because a common base like NaOH was not locally available 
and would have to be ordered from a specialty manufacturer, soda ash 
(Na2CO3) was used to raise the pH in the reactor. Soda ash is produced 
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along with carbon dioxide and water when baking soda (available 
locally) is heated. 

Once the magnesium and base were added to the reactor, a stirring 
mechanism was rotated by hand at approximately 60 RPM for 5 min to 
promote mixing and precipitation of struvite. A filter bag made of 
manta, a cloth used in Costa Rica to collect coffee grounds before 
drinking coffee, was placed under the reactor to collect contents once 
the valve was opened. The cloth filtered struvite (and any other solids) 
from the liquid exiting the reactor through the effluent pipe. Effluent 
liquid emptied into the second storage lagoon. The filter bag was hung 
for drying near an air vent for one day, and then the struvite powder was 
removed from the bag with a brush and stored in a plastic container. 

2.3. Sampling and analysis 

Liquid samples were obtained from the two tubular digesters and 
from the struvite precipitation reactor at the six locations shown in 
Fig. 1. These samples were collected during 15 sampling campaigns that 
occurred approximately once every two weeks between February and 
October 2018. Liquid samples were analyzed on-site for five-day 
biochemical oxygen demand (BOD5), total solids (TS), volatile solids 
(VS), total suspended solids (TSS), and volatile suspended solids (VSS) 
using standard methods (APHA, 2012). Chemical oxygen demand (COD) 
was measured on-site (TNT 82206) with a Hach portable colorimeter 
(Loveland, CO). Hach kits were also used to measure total nitrogen (TN; 
kit TNT 827) and total phosphorus (TP; kit TNT 845) off-site using a PG 
Instruments T60 Visible Spectrophotometer (Leicestershire, United 
Kingdom) located at the Universidad Estatal a Distancia (UNED) labo
ratory in San Jos�e. Samples were also analyzed at the University of Costa 
Rica (UCR) laboratory in San Jos�e to determine concentrations of NO3

� , 
PO4

3� , Mg2þ, Ca2þ, and NH4
þ using Inductively Coupled Plasma Atomic 

Emission Spectroscopy. Other water quality parameters such as pH, 
conductivity, temperature, dissolved oxygen, and NH4

þ were measured 
on-site using a YSI multiprobe (Yellow Spring, OH). Solid samples 

(swine manure, digester sludge, struvite) were collected on-site and 
analyzed at the University of Costa Rica for percent solids, percent ni
trogen, and percent phosphorus. A two-sample t-test with a p ¼ 0.05 
significance level was performed on the percent reductions in TP, 
PO4

3–-P, TN, and NH4
þ-N data to determine if the reduction percentages in 

the two tubular digesters were significantly different from one another. 

2.4. Mass balances for solids and nutrients in tubular digesters 

Mass-balance equations were produced for each of the two tubular 
digesters (Table 2) in equations (1)–(6). Flow rates and concentrations 
were either measured (as described above) or else estimated from the 
mass balance equations. Table S1 in the supplementary material pro
vides additional details on the symbols, symbol description, units, and 
how each parameter was determined. 

For each digester, the influent is a combination of the initial water 
and liquid waste (sampled at L1, L2 in Fig. 1) that enters the digester by 
gravity when a valve is manually opened each morning, along with 
animal feces that enter the digester by washing (SA, SB). Some phos
phorus, nitrogen, and solids accumulate in the digester sludge (S1, S2) 
while the remainder leaves in the digester effluent (L3, L4). Addition
ally, some solids are digested, converting organic phosphorus and ni
trogen into inorganic phosphate and ammonium, respectively. 

Multiple processes affecting the solids concentration occur in the 
digester, including digestion, biological growth, and precipitation 
(Metcalf and Eddy, 2003). These three processes are combined into the 
digestion term, Rdigest, in the solids mass balance (Table 2, Equations (3) 
and (6)). In addition, the solids (feces or cells in the case of biological 
growth, or struvite or other precipitate in the case of chemical precipi
tation) are separated from the liquids through sedimentation. 

Several assumptions were made to generate the mass balance 

Fig. 1. Overall process for resource recovery from two tubular digesters integrated with a struvite precipitation reactor. Abbreviations that begin with S and L are 
sampling locations for solids (S) and liquids (L), respectively. 

Table 1 
Tubular digesters’ operating parameters.  

Parameter Unit n Digester #1 Digester #2 

Volume L  12,000 12,000 
Temperature of Digester Contents �C 19 21.1�1.7 21.1�1.6 
Flow Rate (time-averaged over 24 h) L/d 10 840�270 670�200 
Hydraulic Residence Time d  14.3 17.9  

Table 2 
Mass Balance Equations for Digester #1 and Digester #2. Terms in equations are 
defined in Table S1 in the supplementary material. μS1, μS2, Rdigest,1, and Rdigest,2 
are unknown variables (i.e. estimated from mass balance, and not measured).  

Location Equation # Balance Equation 

Digester #1 1 TP μS1 TPS1 ¼ μSA TPSA þ QL1 TPL1 - QL3 TPL3 

2 TN μS1 TNS1 ¼ μSA TNSA þQL1 TNL1 - QL3 TNL3 

3 TSS μS1 ¼ μSA þQL1 TSSL1 – QL3 TSSL3 – Rdigest,1 

Digester #2 4 TP μS2 TPS2 ¼ μSB TPSB þ QL2 TPL1 – QL4 TPL4 

5 TN μS2 TNS2 ¼ μSB TNSB þQL2 TNL1 – QL4 TNL4 

6 TSS μS2 ¼ μSB þQL2 TSSL2 – QL4 TSSL4 – Rdigest,2  
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equations. In Equations (1)–(6), it is assumed there are no loss terms for 
N and P, i.e. all N and P that enter the digester either exits in the effluent 
or is accumulated in the sludge. For instance, it is assumed that no N is 
lost through nitrification/denitrification because the digester is anaer
obic, so nitrification is not expected to occur. In contrast to N and P, the 
mass of suspended solids may be reduced through digestion. Equations 
(3) and (6) indicate that solids enter the digester in one of two ways (in 
the daily emptying of the waste by opening a valve, or in the hose 
washing that follows), and that the solids that enter can either settle to 
the sludge, exit as suspended solids in the effluent stream, or be broken 
down via digestion. In Equations (1)–(6), the terms μS1 (mg/d) and μS2 
(mg/d) represent the rate at which solids accumulate in the sludge layer 
of the respective digester (i.e., via sedimentation of solids). These 
accumulation rates cannot be directly measured and therefore must be 
estimated by solving Equations (1), (2) and (4), or (5). Estimates of μS1 
and μS2 are then put in to the solids balances, allowing the digestion rate 
(g/d) (Rdigest) to be estimated in Equations (3) and (6). 

2.5. Struvite reactor efficiency 

During this study, the struvite reactor was operated in batch mode 
with a batch volume of 50 L, as described in Section 2.2. In the reactor, 
chemical precipitation converts ammonium and phosphate into struvite, 
which is separated from the liquid and captured via filtration. The 
struvite reactor has one influent (L5 in Fig. 1), but two effluents, as some 
phosphorus and nitrogen are precipitated into solid struvite (S3), while 
the remaining nutrients leave in the liquid effluent (L6). By measuring 
the phosphorus and nitrogen concentrations in the influent and effluent 
liquid streams, the removal efficiency achieved by the reactor is 
calculated. 

These calculated removal efficiencies can then be combined with 
known digester effluent flow rates and concentrations to estimate the N 
and P mass fluxes that might be expected if a full-scale struvite reactor 
were deployed in place of the pilot-scale reactor. The hypothetical full- 
scale struvite reactor mass loadings are based on an assumption of 
continuous operation, i.e., all digester effluent is treated in the struvite 
precipitation reactor prior to discharge. Thus, the influent nitrogen 
loading to the (hypothetical) full-scale struvite reactor is QL3 TNL3 þ QL4 
TNL4, and the influent phosphorus loading is QL3 TPL3 þ QL4 TPL4. For 
the purposes of this analysis, it is assumed that the nitrogen and phos
phorus removal percentages observed in the pilot-scale reactor would 
also apply to a full-scale struvite reactor. 

3. Results and discussion 

3.1. Measured liquid influent and effluent characteristics in two digesters 
and struvite precipitation reactor 

Average measured liquid concentrations for several water quality 
parameters that were inputs for the digester mass balance equations are 
found in Table 3. Average measured liquid concentrations for several 
water quality parameters entering and exiting the struvite precipitation 
reactor are found in Table 4. In the struvite precipitation reactor, the pH 
rose from 7.25 in the influent to 8.52 in the effluent as base was added to 
promote precipitation of struvite. The TS rose from 1200 to 2700 mg/L, 
indicating that some precipitate was not captured by the locally sourced 
cloth filter and left in the effluent. A finer locally sourced cloth could 
likely capture more struvite solids. The analysis of the fate of phos
phorus, nitrogen, and solids in the two digesters and the struvite pre
cipitation reactor is included in subsequent sections. 

3.2. Measured elemental composition of solids in two digesters and 
struvite precipitation reactor 

Table 5 provides information about the elemental composition of 
solid constituents. Solid sludge was collected from inside the digesters 
and analyzed. Additionally, the solid precipitate was collected from the 
dried filter cloth of the struvite precipitation reactor and subsequently 
analyzed. Composition from these solids can be compared to the 
composition of other common solids such as synthetic fertilizer, pure 
struvite, and bacterial biomass. As seen from Table 3, the concentrations 
of TN and TP in the liquid phase decreased between the digester influent 

Table 3 
Average Influent and Effluent Characteristics of Tubular Digesters. The liquid digester influent flow measurements do not include the influent solid feces terms (SA and 
SB). Negative percentages indicate increased values in the effluent due to, for example, release of nutrients from manure during digestion. The first number is the 
arithmetic mean of n measurements and the second number is the standard deviation of the measurements.   

Parameter 
Unit n Digester #1 Digester #2 

Influent Effluent % Reduction Influent Effluent % Reduction 

TP mg P/L 5 31 � 8.6 22 � 5.5 31% 48 � 16.5 53 � 9.8 � 11% 
PO4–P3- mg PO4–P3-/L 3 6.4 � 2.6 13 � 2.4 � 100% 23 � 4.3 32 � 2.7 � 40% 
TN mg N/L 3 140 � 36 120 � 40 15% 250 � 130 290 � 32 � 19% 
NH4
þ–N mg NH4

þ-N/L 22 76 � 37 98 � 28 � 29% 123 � 53 235 � 67 � 91% 
TS g TS/L 11 2.2 � 1.6 0.8 � 0.4 61% 3.2 � 1.3 1.5 � 0.4 53% 
VS g VS/L 11 1.4 � 1.3 0.4 � 0.2 70% 1.8 � 0.9 0.8 � 0.2 53% 
TSS g TSS/L 10 1.1 � 0.8 0.2 � 0.2 83% 1.8 � 1.5 0.2 � 0.1 90% 
VSS g VSS/L 10 0.7 � 0.4 0.2 � 0.1 74% 1.3 � 1.0 0.2 � 0.1 87% 
BOD5 g/L 10 1.5 � 1.1 0.2 � 0.2 86% 1.3 � 0.6 0.3 � 0.2 79% 
COD g/L 7 2.6 � 1.4 0.3 � 0.1 87% 2.8 � 1.3 0.6 � 0.1 80% 
pH  30 6.9 � 0.9 7.0 � 0.2  7.4 � 0.7 7.2 � 0.3   

Table 4 
Average Influent and Effluent Characteristics in the Struvite Precipitation 
Reactor. The first number is the arithmetic mean of n measurements and the 
second number is the standard deviation of the measurements.  

Parameter Unit n Influent Influent 
þ Mg þ
Base 

Effluent % 
Reduction 

TP mg P/ 
L 

4 48�26 48�26 19�6 60% 

PO4
3-–P mg 

PO4
3-- 

P/L 

3 24�10 24�10 5�3 79% 

TN mg 
N/L 

3 205�20 205�20 185�10 10% 

NH4
þ–N mg 

NH4
þ- 

N/L 

15 165�66 168�71 145�64 14% 

pH  19 7.3�0.2  8.5�0.2  
TS mg/L 4 1210�284  2700�258   
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and the digester effluent. This indicates that N and P were transferred 
from the liquid phase to the solid phase within the digesters. Two 
possible mechanisms are consistent with this process: either N and P 
were assimilated into bacterial biomass, or N and P precipitated as 
struvite within the digesters. In either case, subsequent sedimentation of 
the solid phase would result in the observed TN and TP removal from the 
liquid phase. Because struvite is expected to exhibit a 1:1 M ratio of N:P, 
but the sludge in the digester exhibited molar ratios of above 9:1 (see 
Table 5), we conclude that N and P removal from the liquid phase was 
due to biological assimilation, not due to struvite precipitation. 

Approximately 5 g of dry solids were recovered for every 50 L of 
liquid entering the struvite reactor. An analysis of the solid powder 
revealed mass percentages of 9.9% Mg, 12.8% P, 1.7% Ca, and 10.8% C 

Table 5 
Measured Percentages of Constituents from Field Samples from Digesters and 
Struvite Reactor. Theoretical percentages are indicated with an *. n ¼ 1.  

Element % 
Mg 

%N %P % 
K 

% 
Ca 

%C N:P molar 
ratio 

Digester #1 0.3 2.8 0.7 0.3 1.5 26.8 9.4 
Digester #2 0.3 5.1 1.2 0.7 1.9 42.6 9.9 
Struvite Reactor 9.9 2.4 12.8 9.9 1.7 10.8 0.4 
Synthetic Fertilizer*  10 30 10   0.7 
100% Struvite* 9.9 5.7 12.6    1.0 
Biomass 

(C60H87O23N12P)*  
12.4    53.1 12  

Fig. 2. A) Fate of Phosphorus and B) Nitrogen in Digester #1, Digester #2, and Struvite Precipitation Reactor. The numbers in parentheses are PO4
3--P and NH4

þ-N. 
The numbers not in parentheses are Total Phosphorus and Total Nitrogen. Loadings of the struvite reactor influent and effluent are estimates assuming full-scale 
operation (i.e. all digester effluent is treated) as discussed in Section 2.5. 
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(Table 5) when soda ash was used as the base for raising pH. This cor
responds to a Mg:P molar ratio of 1:1, which indicates struvite forma
tion. An analysis of the solid struvite powder revealed a nitrogen mass 
fraction of 2.4%. This is lower than the expected nitrogen mass fraction 
of 5.7% for pure struvite. This could possibly indicate that the solid 
formed is not struvite. However, it is more likely that the measured 
value of 2.4% is lower than the actual composition because the solid was 
heated at 100 �C, and it is known that such heating releases N in the form 
of ammonia (Bhuiyan et al., 2008). The 9.9% mass fraction of potassium 
indicates that K-struvite (KMgPO4�6H2O) may also have been recov
ered, but this typically occurs only once nitrogen has been depleted 
(Jagtap and Boyer, 2018). The presence of C in the collected solids in
dicates that some organics were mixed together with the struvite. Even 
though the precipitate included some K-struvite and organic matter, the 
main finding is that the harvested precipitate appears to consist prin
cipally of struvite. 

3.3. Fate of phosphorus in the two tubular digesters 

Measured liquid water quality data from Table 3 and solid charac
teristics from Table 5 were integrated into equations (1) and (4) for 
digester #1 and digester #2, respectively, to determine influent and 
effluent phosphorus loadings shown in Fig. 2A. 

The phosphate in the liquid effluent was an average of 131% higher 
than the influent phosphate due to digestion and release of particulate P 
into soluble P; in digester #1, the effluent was 176% higher (4–11 g P/ 
d), and in digester #2 the effluent was 86% higher (11–21 g P/d). It is 
well known that digestion releases P from organic solids (Metcalf and 
Eddy, 2003); however, little literature exists on phosphorus release from 
animal manure in tubular anaerobic digesters. Two other studies on 
tubular anaerobic digesters found an increase in phosphate concentra
tion of 16% and 24% (Lansing et al., 2008a, 2008b), much lower than 
the increase found in this study. 

However, even though the phosphate concentration in the liquid 
phase increases, the total phosphorus (TP) loading decreases from the 
digester influents to the digester effluents, putatively due to sedimen
tation of solids in the digesters. Because digester #1 receives influent 
from four smaller swine and four dairy cows and digester #2 most often 
receives influent from six larger swine, the TP loading (g/d) in digester 
#1 (27 g P/d) is approximately half that of digester #2 (43 g P/d). The 
difference in loading rate and feces source and composition may explain 
the significant difference between the two tubular digesters in TP 
reduction percentage (t-test, p-value<0.01). However, it cannot be 
concluded with 95% confidence that phosphate reduction percentages 
are different (p ¼ 0.06). The effluent TP from digester #1 decreased 33% 
to 18 g P/d and from digester #2 decreased 18% to 36 g P/d. This TP 
reduction percentage is close to the 36% and 43% decreases measured 
by Lansing et al. (2008b) and Amini et al. (2017), respectively, but is less 
than the 92% TP reduction from a previous investigation of digester #1 
(Kinyua et al., 2016). The reduction of TP is likely due to biological 
assimilation (as discussed in Section 3.2), followed by sedimentation of 
the bacterial cells. 

3.4. Fate of nitrogen in the two tubular digesters 

Measured liquid water quality data from Table 3 and solid charac
teristics from Table 5 were integrated into equations (2) and (5) for 
digester #1 and digester #2, respectively, to determine influent and 
effluent nitrogen loadings shown in Fig. 2B. 

The ammonium increased from the digester influent to the effluent 
an average of 116%; digester #1 increased 78% (47 g NH4

þ–N/d to 83 g 
NH4
þ–N/d), whereas digester #2 had a much larger increase of 154% 

(63 g NH4
þ-N/d to 159 g NH4

þ-N/d). It is well known that digestion in
creases NH4

þ concentrations by converting organic N into NH4
þ (Metcalf 

and Eddy, 2003), but the efficiency of tubular digesters in effecting this 
conversion is not well characterized. Two studies of tubular digesters in 

Costa Rica by Lansing et al. (2008a, 2008b) reported 67% and 78% 
increases in ammonium, whereas a previous investigation of digester #1 
found a 62% reduction in total ammonia nitrogen (TAN) (140 mg 
NH4
þ-N/L to 53 mg NH4

þ-N/L) (Kinyua et al., 2016). Because nitrification 
is not expected to convert NH4

þ into NO3
� due to lack of oxygen in the 

digester, an increase in NH4
þ is more likely. 

However, even though the ammonium concentration in the liquid 
phase increases considerably, the total nitrogen (TN) loading is about 
the same in the digester influents and effluents. Total nitrogen decreased 
by an average of 4%, similar to the 0% reduction found by Amini et al. 
(2017). There was a significant difference in TN (t-test, p ¼ 0.03) and 
ammonium (p < 0.01) reduction percentages, likely due to differences in 
nutrient loading. In digester #1, TN loading dropped by 11% (114 g N/d 
to 101 g N/d). The decrease in TN is likely due to biological assimilation 
(as discussed in Section 3.2), followed by sedimentation of the bacterial 
cells. In digester #2, TN loading increased by 4% (191 g N/d to 199 g 
N/d), possibly due to resuspension of sludge from a sediment layer into 
the bulk liquid phase, or possibly indicating a mild underestimation of 
the influent TN loading. Although this evidence suggests that nitrogen 
was removed by biological assimilation in the tubular digester, that does 
not mean that the same mechanisms are dominant in the struvite pre
cipitation reactor, which will be discussed in section 3.7. 

3.5. Fate of solids in the two tubular digesters 

Measured liquid water quality data from Table 3 and solid charac
teristics from Table 5 were integrated into equations (3) and (6) for 
digester #1 and digester #2, respectively. The resulting estimates for the 
fate of solids are shown in Table S2. The average daily solids loading to 
digester #1 of 984 g/d was much less than the loading to digester #2 of 
1659 g/d because digester #2 received influent from more mature swine 
that produced more mass of manure each day. This larger mass of 
manure from the more mature swine was less likely to exit the pens by 
gravity to digester #2, thus the higher percentage of influent wash solids 
(46%). The TS, VS, TSS, and VSS decreased on average by 57%, 61%, 
87%, and 81%, respectively, between the digester influent and the 
digester effluent. The solids reduction values in both digesters in this 
study are similar to those of other tubular digesters assessed in Costa 
Rica (Lansing et al., 2008a, 2008b; Kinyua et al., 2016). The solids 
reduction results indicate that the digesters are performing as expected 
and are effective in removing the majority of TSS, either through sedi
mentation into the sludge solids or hydrolysis of the solids during 
digestion. 

There was a large difference in the estimation of daily sludge solids 
generation for both digester #1 (equations (1) and (2)) and digester #2 
(equations (4) and (5)). This consequently affected the daily estimation 
of digestion in digester #1 (equation (3)) and digester #2 (equation (6)). 
Because the phosphate and ammonium concentrations in the digester 
effluents increased by an average of 131% and 116%, respectively, it is 
clear that digestion is occurring and a negative digestion rate is not 
likely. Therefore, for digester #1, the N data from equation (2) were 
used and not the P data from equation (3). Consequently, the digester #1 
estimated sludge sedimentation rate of 467 g/d was used from equation 
(2), which resulted in a digestion estimate of 364 g/d from equation (3). 
For digester #2, both the P data from equation (4) and N data from 
equation (5) were reasonable. Consequently, the digester #2 estimated 
sludge sedimentation rate of 259 g/d was generated as an average of the 
estimates generated from equation (4) (666 g/d) and equation (5) 
(� 148 g/d). Putting 259 g/d into equation (6), the digestion rate esti
mate for digester #2 is 1284 g/d. 

The digestion rates in this study are similar to digestion rates from 
existing studies (Kinyua et al., 2014). Given working volumes of 12,000 
L in each digester, the estimated digestion rates become 0.03 g TSS/L-d 
in digester #1 (37% of the influent of 0.08 g TSS/L-d) and 0.11 g 
TSS/L-d (77% of the influent of 0.14 g TSS/L-d) in digester #2. Overall, 
digester #1 had a lower digestion rate (364 g TSS/d, 0.03 g TSS/L-d) and 
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a higher sludge sedimentation rate (467 g TSS/d) than digester #2 
(digestion of 1691 g TSS/d, 0.11 g TSS/L-d and sludge sedimentation 
rate of 259 g/d). One hypothesis is that while digester #2 only receives 
influent from swine, digester #1 receives swine influent as well as wash 
from the cow milking area. In this area, cows and maintenance workers 
bring in recalcitrant materials like sand, which are more likely to settle 
in the digester and are less likely to be digested. This leads to a higher 
solids sedimentation rate but a lower solids digestion rate in digester #1. 

3.6. Fate of phosphorus in the struvite reactor 

The estimations of daily phosphorus loadings for the struvite reactor 
(Fig. 2A) are based on the hypothetical case of full-scale continuous 
operation, as discussed in Section 2.5. The estimated struvite reactor 
influent loadings of 54 g TP/d and 32 g PO4

3� –P/d are the sum of the 
effluent loadings from digester #1 (13 g TP/d, 11 g PO4

3� –P/d) and 
digester #2 (36 g TP/d, 21 g PO4

3� –P/d). The estimated struvite reactor 
effluent loadings of 21 g TP/d and 7 g PO4

3� /d were calculated based on 
the measured percent reductions of 60% TP and 79% PO4

3� in the pilot- 
scale reactor (Table 4). The 79% phosphate reduction is close to the 
range of 85–97% phosphorus recovery in previous studies that per
formed struvite precipitation on swine digester effluent (Perera et al., 
2007; Song et al., 2011; Amini et al., 2017). However, only 60% of TP 
was removed (estimated loading reduction from 54 g TP/d to 21 g 
TP/d), meaning that an estimated 33 g TP/d would be in the solid form 
and 21 g TP/d would remain in the effluent, of which 7 g TP/d would be 
in the form of phosphate (Fig. 2A). Of the estimated 22 g/d of influent 
phosphorus not in the form of phosphate, about 64% (14 g/d) is ex
pected to remain in the effluent. 

The anticipated high reduction of phosphorus, especially phosphate, 
would be especially beneficial for farms with agricultural waste 
managed near freshwater lakes and in phosphorus-limited watersheds. 
The struvite precipitation reactors could be strategically placed in such 
regions to reduce the quantity of bio-available phosphate and thus 
mitigate the chances of harmful algae blooms while providing the 
benefit of a slow-release fertilizer. 

3.7. Fate of nitrogen in the struvite reactor 

The estimations of daily nitrogen loadings for the struvite reactor 
(Fig. 2B) are based on the hypothetical case of full-scale continuous 
operation, as discussed in Section 2.5. The estimated struvite reactor 
influent loadings of 300 g TN/d and 241 g NH4

þ-N/d are the sum of the 
effluent loadings from digester #1 (101 g TN/d, 83 g NH4

þ-N/d) and 
digester #2 (199 g TN/d, 159 g NH4

þ-N/d). The estimated struvite 
reactor effluent loadings of 270 g TN/d and 208 g NH4

þ-N/d were 
calculated based on the measured percent reductions of 10% TN and 
14% NH4

þ-N in the pilot-scale reactor (Table 4). The 14% ammonium 
reduction is slightly higher than the 7% ammonium removal observed 
during a previous struvite precipitation study using an influent of swine 
digester effluent (Amini et al., 2017). The estimated 33 g/d of ammo
nium removal and 30 g/d of TN removal suggest minimal removal of 
nitrogen not in the form of ammonium. 

The 10% nitrogen reduction was low, but is expected given similar 
low nitrogen reduction efficiencies during sidestream struvite precipi
tation (Mehta et al., 2015). The removal of nitrogen via struvite pre
cipitation is the intended result, and is in contrast to the removal 
mechanism of biological assimilation implicated in the tubular digester. 
The low nitrogen reduction may be less than desired for coastal regions 
and nitrogen-limited watersheds. In such cases, additional nitrogen 
removal may be necessary through treatment technologies such as 
nitrification/denitrification or ion exchange. 

3.8. Implications for environmental management 

One implication from the pilot-scale demonstration is the need to 

better manage the effluent products of the tubular digester. Just as 
releasing biogas leads to increased global warming potential through the 
release of methane, releasing NH4

þ and PO4
3� in the liquid digester 

effluent directly to land that hydrologically connects to surface water or 
shallow groundwater not only wastes a valuable resource, but also may 
cause harm to the environment and public health. This study also sup
ports a multiple resource recovery strategy that can be implemented in 
low- and middle-income countries, of not only recovering biogas, but 
also recovering nutrients as fertilizer from small-scale tubular anaerobic 
digester systems. Struvite, a slow-release fertilizer, should be stored in a 
cool, dry location like synthetic fertilizers. Struvite precipitation 
coupled with a small-scale digester should thus reduce environmental 
loadings of mineralized phosphorus and nitrogen to local sources of 
water. A life cycle assessment and life cycle cost analysis are currently 
being performed to provide insight into the environmental and eco
nomic sustainability of the integrated system. 

The ability of tubular anaerobic digesters integrated with a struvite 
precipitation reactor to remove contaminants and recover multiple re
sources from small-farm-generated agricultural waste facilitates prog
ress towards the achievement of multiple SDGs. The integrated 
treatment system contributes to multiple targets within SDG 6 such as 
improving water quality, increasing safe water reuse, reducing un
treated wastewater, and protecting water-related ecosystems (UN, 
2018). Additionally, the ability of small rural farms in low- and middle- 
income countries to recover energy and fertilizer also contributes to SDG 
1 (No Poverty), SDG 2 (Zero Hunger), SDG 7 (Affordable and Clean 
Energy), SDG 10 (Reduced Inequalities), SDG 12 (Responsible Con
sumption and Production), and SDG 13 (Climate Action) (UN, 2018). 

4. Conclusions 

The overall goal of this study was to determine the nutrient recovery 
potential of tubular anaerobic digesters that are integrated with a locally 
produced pilot-scale struvite precipitation reactor. The system can be 
used to manage agricultural waste to enhance recovery of resources and 
thus facilitate the achievement of multiple SDGs and reduce nutrient 
loading to local waters. Overall, if all digester effluent was directed 
through the struvite precipitation reactor, it is estimated that unman
aged TP loading to the environment would decrease by 70% and un
managed TN loading would decrease by 12% from the digester influent 
to the struvite effluent. Results indicate that an average of 25% of P and 
4% of N was removed in the digester effluent through sedimentation. 
Additionally, 79% of remaining PO4

3� –P and 14% of remaining NH4
þ-N 

were removed from the liquid effluent of the two digesters in a struvite 
precipitation reactor. The digesters averaged 87% reduction in TSS and 
84% reduction in COD. 

The recovered solid in the struvite reactor appears to be struvite as 
the Mg:P ratio is 1:1; however, the recovered solid’s N/P/K mass frac
tions of 2.5/12.9/9.9 are less than the current synthetic fertilizer’s N/P/ 
K mass fractions of 10/30/10. However, struvite may be preferable over 
synthetic fertilizer given that it is less soluble than synthetic fertilizer, 
meaning that its nutrients are disseminated to the plants over a longer 
period of time, reducing the amount of fertilizer needed. 

Another promising result of this study was the demonstration of 
using locally available materials for reactor construction and chemical 
inputs. A magnesium source, which may be a barrier to struvite pro
duction in low and middle income settings due to its high cost, was 
found as a locally produced waste product. Likewise, a base was pro
duced from soda ash by heating locally purchased baking soda. 
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